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PREFACE 


The object of this book is to present the basis of chemical kinetics in 
combination with its modern applications in chemistry, technology, and biochemistry. A 
brief historical note is given below. The material is traditionally divided into formal 
kinetics and kinetics in the gaseous phase. 

The main concepts of chemical kinetics were formulated during the end of the 
19" century when C. Guldberg and P. Waage formulated the law of action mass (1867) 
and Arrhenius his famous equation (1889) of the temperature dependence of the rate 
constant. The book "Etudes de dynamique chimique" (1884) written by Vant-Hoff was 
the first monograph on chemical kinetics. In this monograph, chemical kinetics was 
presented as simple chemical reactions. It was in the beginning of the 20" century that 
researchers faced complicated mechanisms of chemical reactions and during the period 
1910-1935, chain reactions were discovered (M. Bodenstein, N. Semenov, S 
Hinshelwood). In this period, chemical kinetics was transformed into the science of 
complex chemical reactions in gaseous and liquid phases. Simultaneously, the theory of 
the elementary act of monomolecular and bimolecular reactions was advanced. The 
absolute rate theory was developed in the 1930s by S. Glasstone, K. Laidlerand and H. 
Eyring. New advancements in the theory of chemical reactions began with the 
appearance and development of quantum chemistry. The advanced theory of electron 
and proton transfer as "simple" models of chemical reactions opened the way for a 
profound understanding of the quantum-mechanical factors affecting elementary 
chemical processes and simulated a cascade of experimental studies in chemistry and 
biology (R. Marcus, V.G. Levich and J. Jortner). 

The study of chain reactions initiated interest in reactions involving active 
intermediates as free atoms and radicals. An array of new experimental methods for the 
study of these very fast reactions was invented in the middle of the 20" century. The 
most important was EPR, viz., a method of study of free radical reactions. A large 
number of experimental measurements of the rate constants of various reactions were 
performed during the last half of the century. 

A new field of chemistry was opened, namely the chemistry of labile particles: 
atoms, free radicals, radical ions, carbenes, etc. The fast development of experimental 
techniques suitable for monitoring fast and ultrafast processes led to the study of 
mechanisms of energy exchange in collisions of particles and initiated the formation of 
nonstationary kinetics. 

The objects of study in modern kinetics are a variety of different reactions of 
molecules, complexes, ions, free radicals, excited states of molecules, etc. A great 
variety of methods for the experimental study of fast reactions and the behavior of 
reacting particles close to the top of the potential barrier were invented. Appropriate 
quantum-chemical methods are progressing rapidly. Computers are widely used in 
experimental research and theoretical calculations. Databases accumulate a vast amount 
of kinetic information. 

One of the greatest creations of nature, biological catalysis, appears as a 
challenging problem to chemists of the 21* century. The unique catalytic properties of 
enzymes are their precise specificity, selectivity, high rate, and capacity to be regulated. 
Classical and modern physical chemistry, chemical kinetics, organic, inorganic and 
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quantum-chemistry provide a variety of physical methods and establish a basis for 
investigation of structure and action mechanisms of enzymes. The general properties of 
enzymes, the "ideal" chemical catalysts, are the formation of intermediates, smooth 
thermodynamic relief along the reaction coordinate, fulfilment of all selection rules, the 
ability to proceed and to stop temporarily and spatially, and compatibility with the 
ambient media. These properties are attributable to multifunctional active centers, to the 
unique structure of protein globules, possessing both rigidity and flexibility, and the 
formation of catalytic ensembles. 

Biochemistry gives chemistry a plethora of knowledge about nearly "ideal" 
catalysts, the enzymes as catalysts close to the enzymes and opens the way for chemical 
modeling of the enzyme reactions. 

A major advantage of this work is that it is a comprehensive manual embracing 
practically all the classical and modern areas of chemical kinetics. Special sections deal 
with important subjects, which are not covered sufficiently in other manuals: 1) Methods 
of calculation and determination of rate constants of reactions in gas and liquid phases; 
2) Modern areas such as laser chemistry (including pico- and femtochemistry), 
magnetochemistry, etc.; 3) Modern theories of electron transfer, including long-distance 
electron transfer; 4) Analysis of kinetics and mechanisms and voluminous illustrations 
of "classical" processes, such as chain reactions, gas phase and homogeneous reactions 
(including homogeneous catalysis), etc.; 5) Discussion of enzymatic reactions from the 
viewpoint of chemical kinetics with emphasis on the special gains biocatalysis offers 
chemistry; 6) Analysis of the situations where enzymes cope with "tough" chemical 
problems under mild conditions: hydrolysis peptides, substrate oxidation, nitrogen 
fixation, long-distance electron transfer conversion of light energy to chemical energy, 
etc.; and 7) Chemical modeling of enzymes: achievements and problems. 

This monograph is intended for scientists working in various areas of chemistry 
and chemical and biotechnology, as well as for instructors, graduate and undergraduate 
students in departments of chemistry and biochemistry. 

The authors appreciate to the fullest extent the enormous contribution to the 
foundation and development of modern chemical kinetics by a number of the most 
prominent scientists, the patriarchs, whose photos appear at the beginning of this book. 

The authors are deeply indebted to Profs. R. Lumry, J. Jortner and S Efrima for 
the encouragement and interest in this book. They are grateful to Drs. Elena Batova, 
Vassili Soshnikov, Mr. Pavel Parkhomyuk-Ben Arye and Mrs. Nataly Medvedeva for 
their invaluable help in preparation of the manuscript. 
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Part 1 


General problems of chemical kinetics 


Chapter 1 


General ideas of chemical kinetics 


1.1. Subject of chemical kinetics 


The chemical process of transformation of reactants into products is the subject of 
studying of chemical kinetics. One can say against it that the chemical reaction is also 
the subject of studying of several other chemical disciplines, such as synthetic and 
analytical chemistry, chemical thermodynamics and technology. Note that each of 
these disciplines studies the chemical reaction in its certain aspect. In synthetic chem- 
istry, the reaction is considered as a method for preparation of various chemical com- 
pounds. Analytical chemistry uses reactions for the identification of chemical com- 
pounds. The chemical thermodynamics studies the chemical equilibrium as a source 
of work and heat, etc. The kinetics also has its specific approach to the chemical reac- 
tion. It studies the chemical transformation as a process that occurs in time accord- 
ing to a certain mechanism with regularities characteristic of this process. This defi- 
nition needs to be decoded. What precisely does the kinetics study in the chemical 
process? 


First, the reaction as a process that ocurs in time, its rate, a change in the rate with 
the development of the process, the interrelation of the reaction rate and concentra- 
tion of reactants - all this is characterized by kinetic parameters. 


Second, the influence of the reaction conditions, such as the temperature, phase 
state of reactants, pressure, medium (solvent), presence of neutral ions, etc., on the 
rate and other kinetic parameters of the reaction. The final result of these studies is 
the quantitative empirical correlations between the kinetic characteristics and reaction 
conditions. 


Third, the kinetics studies the methods for controlling the chemical process using 
catalysts, initiators, promoters, and inhibitors. 
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Fourth, the kinetics tends to open the mechanism of the chemical process, to 
reveal from which elementary steps it consists, what intermediate compounds are 
formed in it, via what routes reactants are transformed into products, and what fac- 
tors are responsible for the composition of products. In the result of the kinetic study, 
authors compose the scheme of the mechanism of the process, analyze it and com- 
pare with experimental data, state new testing experiments, and if necessary supple- 
ment the scheme and repeat checking. Various elementary reactions of formation and 
transformation of active species, radicals, ions, radical ions, molecular complexes, 
etc., participate in many complex chemical processes. 


Therefore, fifth, an important task of the kinetics became the study and descrip- 
tion of elementary reactions involving chemically active species. Elementary acts of 
the chemical transformation are diverse, they can be theoretically described by the 
methods of quantum mechanics and mathematical statistics. 


Sixth, the chemical kinetics studies a relation between the structure of particle- 
reactants and their reactivity. In most cases, the chemical transformation is preceded 
by physical processes of the activation of particle-reactants. These processes often 
accompany chemical processes and manifest themselves, under certain conditions, 
resulting in the perturbation of the equilibrium particle distribution of the energy. 
These processes are the subject of the nonequilibrium kinetics. 


Seventh, the chemical transformation, under laboratory and technological condi- 
tions, is often accompanied by mass and heat transfer. Macrokinetics studies these 
complex processes using mathematical methods for analysis and description. Thus, 
the subject of the chemical kinetics is the comprehensive study of the chemical reac- 
tion: regularities of its occurrence in time, the dependence on the conditions, the 
mechanism, a relation between the kinetic characteristics with the structure of reac- 
tants, energy of the process, and physics of particle activation. 


Since the kinetics studies the reaction as a process, it has the specific methodol- 
ogy: the body of theoretical concepts and experimental methods, which allow the 
study and analysis of the chemical reaction as an evolution process that develops in 
time. The experimental kinetics possesses various methods to perform the reaction 
and control it in time. The kinetic methods for studying fast reactions (stop-flow, 
pulse, efc.) have been developed during recent 40 years along with procedures and 
methods for the generation and study of active intermediate compounds: free atoms 
and radicals, labile ions and complexes. The methods for "perturbation" of the chem- 
ical reaction during its course were invented. Mathematical simulation and modern 
computer techinique are widely used for the theoretical description of the reaction as 
a process. 


What scientific disciplines are boundary for the chemical kinetics? First of all, 
synthetic chemistry, which possesses a large experimental material on chemical reac- 
tions, namely, knowing what reactants under which conditions are transformed into 
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these or other products. The structure of matter provides necessary data on the struc- 
ture of particles, interatomic distances, dipole moments, and others. These data are 
required for the development of assumed mechanisms of transformations. The chem- 
ical thermodynamics makes it possible to calculate the thermodynamic characteris- 
tics of the chemical process. The kinetics borrows from mathematics the mathemat- 
ical apparatus necessary for the description of the process, analysis of the mecha- 
nism, and development of correlations. The kinetics uses molecular physics data 
when the process is analyzed at different phase states of the system where the reac- 
tion occurs. Spectroscopy and chromatography provides the kinetics with methods of 
process monitoring. Laser spectroscopy serves as a basis for the development of 
unique methods for studying excited states of molecules and radicals. 


In turn, results of the chemical kinetics compose the scientific foundation for the 
synthetic chemistry and chemical technology. The methods for affecting the reaction 
developed in the kinetics are used for controlling the chemical process and creation 
of kinetic methods for the selective preparation of chemical compounds. The meth- 
ods for retardation (inhibition) of chemical processes are used to stablize substances 
and materials. Kinetic simulation is ised for the prognostication of terms of the oper- 
ation of items. The kinetic parameters of reactions of substances contained in the 
atmosphere are used for prognosis of processs that occur in it, in particular, ozone 
formation and decomposition (problem of the ozone layer). The kinetics is an impor- 
tant part of photochemistry, electrochemistry, biochemistry, radiation chemistry, and 
heterogeneous catalysis. 


1.2. History of the appearance of chemical kinetics 


Chemical kinetics is a rather young science among other chemical disciplines. 
The fist book on the kinetics “Etudes de dynamique chimique" by J. Van't Hoff 
appeared in 1884. If counting off the chronology of kinetic studies from this date, the 
kinetics is about 100 years old. However, the first kinetic studies in which the rate of 
chemical reactions was studied appeared much earlier. In 1850 German physicist L. 
F. Wilhelmy published the work “The Law of Acid Action on Cane-Sugar" in which 
he established for the first time the empirical relation between the rate of the chemi- 
cal reaction of cane-sugar hydrolysis to glucose and fructose and the amount of reac- 
tants involved in the transformation. This relationship was expressed as the equation 
-dZ/dT = MZS, where T is time, Z is the amount of the reactant (sugar) and M is that 
of the acid, and S is constant). The law of mass action, which was substantiated later, 
was expressed in this equation for the first time. Twelve years after French chemists 
M. Berthelot and L. Pean de Saint Gilles published the results of studying the ester- 
ification reaction between acetic acid and ethanol. They showed that the reaction 
does not go to the end and deduced the empirical equation for this reaction as for a 
reversible process. It had the form 
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dx/dt = 1 - xyl (1.1) 


where dx/dt is the esterification rate, k is constant, x is the amount of the reacted stating sub- 
stance, and / is the limiting value of the amount of the transformed substances. 


They studied in detail the influence of conditions (temperature, solvent) on the 
reaction occurrence. One of the main kinetic laws, the law of mass action, was for- 
mulated by Sweden scientists, mathematician C. M. Guldberg and chemist P. Waage 
in the series of works in 1864+67. Based on the results of M. Berthelot and L. Pean 
de Saint Gilles and their own great work, they formulated the law of mass action for 
both the reaction occurring in one direction and the reversible reaction in the equi- 
librium state. The law was derived in the general form for the reaction with any num- 
ber of reactants, and the derivation was based on the concept of molecular collisions 
as an event preceding the reaction of collided particles. For the reaction of the type 


aA + bB + gC ® Products 
Reaction rate v = k [AŤ [BP [CT (1.2) 
where a, b, and g are stoichiometric coefficients of reactants entered into the reaction. 


The law was formulated in this form in 1879. The idea of the *rate of chemical 
transformation" was introduced somewhat earlier by V. Harcourt and W. Esson 
(1865-67). They studied the oxidation of oxalic acid with potassium permanganate 
and pioneered in deriving formulas for the description of the kinetics of reactions of 
the first and second orders. 


Our compatriot N. A. Menshutkin made a great contribution to the development 
of the kinetics. In 1877 he studied in detail the reaction of formation and hydrolysis 
of esters from various acids and alcohols and was the first to formulate the problem 
of the dependence of the reactivity of reactants on their chemical structure. Five 
years later when he studied the hydrolysis of tert-amyl acetate, he discovered and 
described the autocatalysis phenomenon (acetic acid formed in ester hydrolysis 
accelerates the hydrolysis). In 1887-90, studying the formation of quaternary ammo- 
nium salts from amines and alkyl halides, he found a strong influence of the solvent 
on the rate of this reaction (Menschutkin reaction) and stated the problem of study- 
ing the medium effect on the reaction rate in a solution. In 1888 N. A. Menschutkin 
introduced the term "chemical kinetics" in his monograph "Outlines of Development 
of Chemical Views." 


The book by J. Van't Hoff * Etudes de dynamique chimique" published in 1884 
was an important scientific event in chemistry. In this book, the author generalized 
data on kinetic studies and considered the kinetic laws of monomolecular and bimol- 
ecular transformations, the influence of the medium on the occurrence of reactions 
in solutions, and phenomena named by him “perturbing factors.” The large section 
of the outlines is devoted to the temperature influence. Van't Hoff had come right up 
against the law, which was several years later justified by S. Arrhenius. Using the 
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correlation for the chemical equilibrium and temperature 
dink/dt = g/2T” (1.3) 


(where K is constant, and q is the heat of equilibrium), he deduced for the rate con- 
stant the dependence in the form dinK/dT = A/T’ + B. In 1889 Arrhenius theoretical- 
ly substantiated and interpreted this dependence in the form k = Aexp(-E/RT) (where 
E is the activation energy of reacting molecules, and exp(-E/RT) is the fraction of 
active collisions). 


At the end of XIX - beginning of XX centuries researchers concentrated their 
attention on studying multistage reactions. In 1887 W. Ostwald and D.P. Konovalov 
derived the formula that described the kinetics of autocatalytic reactions in the form 
of the equation 


dx/dt = (ky + kgxy(A - x) (1.4) 


where k; and k, are the rate constants of the spontaneous and catalytic reactions, A is the con- 
centration of the starting substance, and x is the concentration of the reaction products. 


Reversible, consecutive, and parallel reactions were described and examined by 
V.A. Kistiakovski in 1894. Three years later, A. N. Bach and G. Engler proposed the 
peroxide theory of oxidation and introduced the notion about a labile intermediate 
product, “moloxide,” in oxidation processes. N.A. Shilov studied the kinetics of var- 
ious conjugated oxidation reactions and developed the theory of self-conjugated 
reactions. 


As a whole, the grounds of the kinetics as a section of chemistry studing rates of 
chemical reactions under different conditions and at different natures of reactants 
were founded in the latter half of the 19th - beginning of the 20th century. In this peri- 
od two main laws of chemical kinetics were formulated, formulas describing the 
kinetics of simple reactions were obtained, complex reactions were found, and such 
important ideas as a reaction rate constant, an activation energy, an intermediate 
product, and conjugated reactions were introduced. In the first part of the 20th cen- 
tury the kinetics developed via several directions. First, simple gas phase reactions 
were studied and their theory was worked out (encounter theory, theory of absolute 
reaction rates). Second, various chain reactions (at first in the gas phase and then in 
solutions) were discovered and studied. Third, various organic reactions in solutions 
were intensely studied. Fourth, correlations became very popular for the comparison 
of kinetic data. Fifth, quantum-chemical calculations are widely used for theoretical 
simulation of chemical reactions. 


1.3. Rate of chemical reaction 


One should distinguish the rate of changing the concentration of the substance, 


6 General ideas of chemical kinetics 


which enters into or is formed during the chemical transformation, the rate of trans- 
formation (conversion), and the rate of chemical reaction. When reactant A enters 
into the chemical reaction, the rate of its transformation v4 = -d[A]/dt. For the final 
reaction product Z, the rate of its formation is vz = d[Z]/dt. Evidently, the change in 
the concentration is expressed in units [concentration] : [time] and, depending on the 
concentration units, can be presented in the form 1 mol/(s) = 10? mol/(m? s) = 10° 
mol/(cm? s) = 6.022:10? cm? s” = 12.197" kilogram-force/(cm’ s) = 1.6.1077! Hg 
mm /s = 1.22-10 T^! Pa/s. Degree of transformation (conversion) of the reactant x is 
equal to the ratio of the amount of the transformed substance to its initial amount. 
The conversion rate is 


x= UA (dn,/dt), (1.5) 
where n, is the stoichiometric coefficient of reactant A, and n4 is the amount (number of 
moles) of the reactant. 


Stoichiometric coefficients should be taken into account for the estimation of 
reaction rates. 


Reaction rate is the rate of conversion in the volume unit V 
v = V! (dx/dt) = x/V (1.6) 


The reaction rate is related to the rate of transformation of substances involved in 
the chemical reaction through stoichiometric coefficients. The reaction rate 


nAÀ + ngB ® nyY +nzZ 


equals 
ido] 14m 14v] 144 


(0.7) 
v. d Vy d vy, d v, d 


The rate of the simple homogeneous reaction is equal to the number of elemen- 
tary chemical acts that occur in the volume unit per time unit. The reaction rate coin- 
cides with the rate of reactant consumption if its stoichiometric coefficient is equal 
to unity. In the complex multistage reaction, the rate of the overall process can differ 
substantially from the rates of individual stages. The rate of the overall process can- 
not be judged, as a rule, by a change in the concentration of intermediates. 


When reactants are uniformly distributed over the whole volume, the reaction 
occurs with the same ratein each microvolume of the reactor. For the nonuniform dis- 
tribution of reactants over the volume, the reaction rate is the integral value 


v 
vev?v? es 3 (1.8) 
dt 


o 
where cx, y, z) is the concentration of the i-th reactant in the microvolume with the coordi- 
nates x, y, z. 
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If the volume of the system changes during the reaction (the reaction is carried 
out at a constant pressure), the concentration of reactants and products changes due 
to both the chemical transformation and change in the volume. 


This should be taken into account in the calculation in the reaction rate. In this 
case, we have 


mou Ede (1.9) 

When the reaction is performed in an open system, the concentration of the sub- 

stance changes due to both the chemical reaction and the income of reactants into the 

reactor and removal of products. In a well-stirred reactor in the steady-state regime 
of the work, the reaction rate is the following: 


v = (u/ Vna XUA - [AD (1.10) 


where u is the volume feed rate of the reactant to the reactor with the volume P, and [A], and 
[A] are the concentrations of the reactant at the inlet and outlet of the reactor, respectively. 


In the heterophase system where the reaction occurs at the interface, the rate of 
chemical transformation is referred not to the volume unit but to the surface unit 
where the transformation occurs. In these systems the reaction rate can be determined 
as the number of chemical transformations occurred on the surface unit per time unit 
and can be expressed in mol/(m? s). The average volume rate of transformation V is 
related to the process rate vs that occurs on the surface by the correlation 


vs (mol m? s!) = V (V/S) (mol I! s). (1.11) 


Usually the information on the kinetics of the process is obtained in the form of 
a kinetic curve from which the reaction rate is calculated. The average reaction rate 
within the time interval Dt is obtained as the ratio V = D[A]/n4Dt, where D[A] is the 
change in the concentration of reactant A for this time period. The reaction rate at the 
moment ¢ is obtained graphically as the slope of the tangent drawn to the cinetic 
curve in the point corresponding to time ¢. Since various errors in the determination 
of the reactant or product concentration result in the scatter of points, the following 
procedure can be applied to obtain the most exact results. The kinetic curve is 
expressed in the analytical form as c(t), optimizing the numerical parameters that 
characterize it. The rate of the chemical reaction is obtained by differentiating 


=- vj dcldt (1.12) 
For example, ifc = c, - at + bf , then 
=- vi! (a - bt) (1.13) 


and the initial rate v, = av;'. There are methods for the direct measurement of the 
chemical process rate when the measured value is proportional to v or fv) as, e.g., 
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the intensity of chemiluminescence appeared upon the reaction or the intensity of 
heat release measured on a differential calorimeter. 


1.4. Law of mass action 


In the initial form the law of mass action was substantiated for simple reactions; 
afterwards it was also applied empirically for multistage reactions. The law is based 
on the simple concept. Several, e.g., two particles of the reactant must collide to enter 
into the reaction, and the probability of the collision is proportional to the product of 
their concentrations. Therefore, the reaction rate must be proportional to the product 
of concentration of reacting substances. In the general case, the rate of the reaction 


nyA + ngB ® Products 


depends on the concentrations of the reactants as follows: 


v= k[A]* [B]* =k] (1.14) 


where n; is the number of particles of the reactant i participating in the reaction. 


The exponent n4 is named the reaction order with respect to reactant A, and ng 
is the reaction order with respect to reactant B. For simple reactions n4 and ng are 
integers (1 or 2). In complex reactions the reaction order can be fractional and even 
negative. The order with respect to each reactant is a particular order. The overall 
reaction order n is equal to the sum of exponents with respect to all reactants: n = Snj. 
Usually n = 1 or 2, rarely 3. The idea of “order” for the complex reaction has some- 
what different sense. The particular order with respect to a certain reactant charac- 
terizes the influence of the concentration of this reactant on the overall reaction rate. 
This influence can change depending on the concentration of this or other reactants. 


1.5. Order and rate constant of the reaction 


The order of the reaction with respect to each reactant and its rate constant are 
important kinetic characteristics of the chemical reaction. When several reactants are 
involved in the reaction, two following methods are used. 


1. One of the reactants, e.g., A, is taken in deficient in order to neglect the con- 
sumption of other reactants during the time of experiment. In this case, a change in 
the reaction rate both in time and from experiment to experiment is determined only 
by the concentration of this reactant: v = const[ A|^. Then the reaction order can be 
found by one of the methods described below in this Section. 
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2. All reactants are taken in the stoichiometric ratio [A], : [B], = n4 : ng. In this 
case, the reactant concentrations are consumed in a constant ratio, and the reaction 
rate is determined by the concentration of any product and the overall reaction order 
n =n; + ng. In fact, according to the law of mass action, at the ratio [A], : [B], = na 
: Ng the rate is 


v2 kvva (1.15) 


Below we describe the methods for determination of the order and rate constants 
of the reaction, which obeys the law of mass action. 


Dependence of the initial reaction rate on the reactant 


concentration 


The initial reaction rate is determined by this or another method from the initial 
region of the kinetic curve. A series of experiments with different initial concentra- 
tions of reactants is carried out. 


A. The reaction order is determined from the dependence 
logn; = const + n log[A], (1.16) 
When other reactants (B) are taken in excess, then n = n4 and 
const = logk + log(vz [Bl ) (1.17) 
When the reactants are taken in a stoichiometric ratio, then n = n4 + np and 
const = logk + log(vv zt?) (1.18) 


Thus, knowing const, we can determine the reaction rate constant. A combination of 
these two methods (a series of experiments with an excess of reactant B and a series 
of experiments with a stoichiometric ratio of the reactants) allows the determination 
of k, na, and n. For the reliable determination of the reaction order, the concentration 
of the reactant should be varied in a sufficiently wide interval because the error in 
determination of n is inversely proportional to log([A]s; - [A]o?). For example, at 
Dlog[A], = 0.6 when [A], fourfold changes, the error in estimation of n using the 
results of two experiments is equal to 3.5% at an error in measurement of the rate of 
5%. In the case of complex reactions, the reaction order can change with a change in 
the reactant concentration. 


Dependence of the reaction rate changing in time on the cur- 
rent concentration of the reactant (Van't Hoff method) 


Since the reactant is consumed during the reaction and this influences on the 
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process rate, the order and rate constant can be estimated in the same experiment 
comparing the current reaction rate v, with the current concentration of the reactants 
c(t) or one reactant [A],. The reaction order is determined as in the previous case 
from the dependence 


logv, = const + nlog[A],. (1.19) 


The value of const is used to determine the reaction rate constant from formulas 
(1.17) or (1.18), depending on the ratio of concentrations of the reactants. The reac- 
tion order determined through v, coincides with n determined through v, if the reac- 
tion is simple and a change in the medium due to the accumulation of products does 
not affect the rate constant of the reaction. 


Time of conversion by I/p part 
(Noyes—Ostwald method) 


The time of conversion of the reactant by the 1/p part is unambiguously related 
to the order and rate constant of the reaction. At n = 0 the time ty. = [A],/2k,. Thus, 
the conversion period is always proportional to [A],. At n = 1 


fi =k" In2 and ty, = In[p/(p-1)] (1.20) 
that is, it is independent of the reactant concentration. At n — 2 
fia = K/ [A]; and t, = (/(p - DKEATA)" (1.21) 


that is, tjj; is inversely proportional to the reaction rate constant. The interrelation 
between 1, and [A], depends on the reaction order: at n > 1 the higher [A],, the 
longer tıp; at n < 1 the lower {A],, the shorter tp; and at n = | it is independent of 
[A]. The reaction order with respect to reactant A or the overall order of the reac- 
tion is found from a series of experiments with different [A], using the Noyes- 
Ostwald formulaa 





fy, 
y= {n- Dlog([AT/[AT) (1.22) 


where fip and t'i are referred to experiments with [A], and [A] ,. 


log 


i/p 


One experiment can also be used when measuring, e.g., 4,4 and tın. The ratio 
fjp/ty4 = 2.4 (n = 1), 3 (n = 2), 3.86 (n = 3), andat n! 1 





tty, = (2"" - YI) = AT? (1.23) 
In the general case, at n ! 1 the ratio M 
LO C Can) i 


5 [ala yy -1 


(1.24) 
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atn-l 


typ X le| p(p- 1)] 
Bad eae E 9 (1.25) 
ts le| á(a- )] 
All these formulas give adequate values of n and k if both the order and rate con- 
stant of the reaction remain unchanged during the experiment. 


Kinetics of consumption of the starting substance 
(Powell method) 


In the general case, the kinetics of reactant consumption is described by the dif- 
ferential equation of the type -d[A]/dt = &[A]", where k’ depends on the rate constant 
k, stoichiometric coefficient n4, and other parameters (see above). At n = 1 the ratio 
of concentrations is x = [AV[A], = exp(-t), where t = &'t. In the general case, at n'1 


x- [1 (n - Dip n P, (1.26) 
where 


t- PIAT t 
Since 
log(& [AT?)) + logt = logt 


superposing the plot of the experimentally found x and ¢ values with the theoretical- 
ly calculated plot of x and t in the coordinates x - logt, we can determine n from the 
shape of the curve, and k’ can be determined by the superposition of log with logt. 


Another method is also widely used: experimental data are used to plot the 
dependence f(x)- t corresponding to this or another reaction order, e.g., log(x) - t for 
n7 lorx! - t for n = 2. The rectification of data by one of these plots is considered 
as an evidence for the corresponding reaction order. Table 1.1. contains the formulas 
for kinetic curves of reactant A, which enters into the reaction of the type nA ® 
Products and nĘA + ngB ® Products. Note that, for the reliable determination of the 
reaction order from the shape of the kinetic curve, it is necessary that the reaction had 
occurred to a sufficient depth. For example, the reaction of order J can be distin- 
guished from the reaction of order II if the reaction conversion 1 - x considerably 
exceeds (2dx)”, where dx is the error in measurement of the reactant concentration: 
at x = 2% it is needed that x < 0.8, i.e, the conversion would exceed 20%. 
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Table 1.1. Integral form of kinetic equations x = CA/CAo, k-(cgonA/CAong) - 1, 


Pc npa 
dc 
es k Equation 
k 1-x= kc, t 
hee 1 - x? =0.5k0,/74 
ken -Inx = kt 
kc? x? 1 =0.5kK t 
kc x!-1= ke, t 
kc (1 * 9 - (x & 4)? = 05k? rt 
1/2 
+x) +1 
ke? e In Sas ped -Oskr"^t 
T (x+) x^ 
v2, 1/2 
xtK) +K 
keak” >0 sani E - Osk(xr) r 
xfs k) + x) 
0 x^. 1 - 0.5kd? r^ 
ex Y^ xtK l^ 
<0 «E «(E --osk(-x)" ca: 
-K -K 
3/2 a2 1 xtK vs v2 v2 
kon? cy 0 ——| -(ix) =QSkKe,7r'7t 
K 


0 lx - 1 7 kcar "t 


kcg nf EE Joe 
xtK 
v2 12 
4l 1 a X 12 32 
20 th (=) -th (s =Q5kK "c.r 
K 
0 x^ -1 =0.5kcX? rt 


(x)? (x7 I^) 
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X+K 
ke 19 —-kKc, rt 
AB d 3l “a, 


0 x) -1l=keag 


kc Cp 


-ask|x" c? n 
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Dependence of the conversion on time 
(Wilkinson method) 


This method for estimation of n is a modification of the method described above. 
The following formula can be used (Dx = 1 - x): 


(1 - D9'^ 2 1 4 (n * Dt (1.27) 
where t = A{A],¢. 


After the Maclauorin expansion of the power function and transformation, we 
obtain the following simple formula if restricting our consideration by the terms with 
x in I and II powers: 

t 1 n 


— =——__+-t 1.28 
Ax kay 2 ( ) 


The reaction order n is determined and k’ is estimated from the dependence of 
t/Dx on t. The method of points at any Dx for n = 2 gives reliable values in the inter- 
val 0 <n <3 at Dx £ 0.4. 


The reaction if being estimated from the dependence of n, on [A], can differ from 
the order determined from the kinetic curve. These orders coincide only for simple 
reactions under the condition that the formed reaction products have no effect on the 
mechanism of the reaction and its rate constant. The divergence between the estima- 
tions of n and k at different methods of performing the experiment and processing 
experimental data can be used as a method for studying changes that occur in the sys- 
tem during the chemical process. 


1.6. Arrhenius law 


The law of mass action determines the interrelation between the reaction rate and 
concentrations of the reactants. The rate constant is a characteristics of the chemical 
process, it is independent of the reactant concentration but depends, naturally, on the 
conditions, first of all, temperature. In most cases, before entering into the reaction 
the reactants are activated, i.e., gain an energy. This is related to the fact that each 
particle (molecule, radical, ion) is a rather stable structure. Its rearrangement requires 
a weakening of certain bonds, which needs an energy consumption. This energy, nec- 
essary for the chemical transformation of the reactants, is named the activation ener- 
gy. The fraction of particles, more correctly, the fraction of collisions of particle- 
reactants, whose energy exceeds E, is equal to exp(-E/RT) according to the 
Boltzmann law. Therefore, the rate constant can be presented in the form 
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k = Aexp(-E/RT), or Ink = InA - E/RT (1.29) 
where £ is the activation energy, and A is the pre-exponential factor. 


The pre-exponential factor characterizes the rate constant with which activated 
particles react: A = kexp( E/RT), k= Aat E = 0 and k & A at T & ¥. 


The Arrhenius law can theoretically be derived from the equilibrium thermody- 
namics under the following assumptions (the reaction of a first order is considered 
for simplicity). 1. In order to enter into the reaction, a molecule must be activated, 
i.e., must obtain an additional energy not lower than E/L. 2. Activation of molecules 
is a reversible process characterized by the equilibrium constant Kao, = [A],,V[A]. 3. 
The concentration of active particles is very low, therefore, [A];4 = Kaal A]. 4. The 
activated molecules enters into the reaction with the temperature-independent rate, 
i.e., k = const[A], [A] = const K,4. According to the thermodynamics, 


dinK dT = EIRT (1.30) 
from where 
dink/dT = dinK, J aT-E/RT. (1.31) 
and 
Ink = const - E/RT or k = Aexp(-E/RT) (1.32) 


if we designate const = InA. It is essential that the activation of particle-reactants 
occurs only due to the thermal energy and is reversible, and the chemical reaction 
does not violate the equilibrium energy distribution over degrees of freedom of react- 
ing particles. 


The following methods are used for the experimental determination of the acti- 
vation energy. 


1. The initial reaction rate is measured at different temperatures at a constant con- 
centration of reactants. For example, for the bimolecular reaction under the control 
of reactant A 


no = VAMAI [Blo = V4 ALA] o[B]oexp(-E/R7) (1.33) 
and the activation energy is determined from the dependence 
Inn, = Ind + In(V?[A],[B];) - E/RT (1.34) 


2. Experiments are carried out at different temperatures; the reaction rate constant 
is determined for a particular temperature, and the activation energy is found from 
the dependence of Ink on r! 


E = -R[DInE/D(T ))] (1.35) 
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3. When the kinetics is characterized by the period of conversion of the reactant 
by the 1/p part, then since always £j, ~ K , the activation energy is found from the 
temperature run of Infj;, 


E = RD(inty,/D(T") (1.36) 


4. Activation energy E can be determined from a series of kinetic curves of reac- 
tant consumption or product formation obtained experimentally at different temper- 
atures. With this purpose, all curves are transformed into one curve, calculating the 
transformation coefficient c:c, 2 = t/f, where f; and t; are the times of achievement 
of the same conversion in experiments at temperatures 7; and T), respectively. The 
activation energy is determined by the correlation 


E = R[Dinc/D(T ))] (1.37) 


The activation energy can be estimated from the results of two experiments at dif- 
ferent temperatures. A series of experiments is usually carried out. The lower the 
error in measurement of the rate constant, the wider the temperature interval, and the 
greater the number of experiments, the lower the error in determination of the acti- 
vation energy. For example, if k is measured with an error of 5%, the results of two 
experiments give the error in measurement of E dE = 5.4 kJ/mol at T; - T, = 10K 
and 1.8 kJ/mol at T, - T, = 30 K. 


The temperature dependence of the reaction rate is expressed sometimes through 
the temperature coefficient a(7), which characterizes the relative acceleration of the 
reaction with the temperature increase by 10 K: a(7) = n(T + 10)/n(7) is related to the 
activation energy by the correlation 


E - 0.1T(T + 10)RIna(T) (1.38) 


It is rather conventional to identify experimentally determined E,,,, with the acti- 
vation energy. E,,, is approximately equal to the activation energy only for simple 
gas reactions. Nevertheless, even in this case, one should take into account that 4 
depends on 7. For example, for bimolecular gas-phase reactions in the framework of 
the encounter theory, A ~ T? (see below). Reactions in the liquid phase represent a 
more complex case. The rate constant depends on the medium, its properties that 
change with temperature. For example, reactions of ions and polar molecules depend 
on the dielectric constant e, and the latter changes with temperature. The degree of 
solvation of reactants also changes with temperature. The temperature affects the 
concentration of reactants: with T increasing the volume of the solution extends and 
the concentration of the reactants decreases. All this should be taken into account for 
the correct interpretation of data. There are reactions for which E < 0. Among com- 
plex reactions, it is observed sometimes that the reaction is retarded with an increase 
in the temperature (reactions with the negative temperature coefficient). 
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Part 2 


Elementary Gas Phase Reactions 


From the very beginning, the gas phase chemical kinetics developed via two 
main routes: study of general regularities of the occurrence of complex chemical 
reactions and investigation of elementary reactions. 


The study of complex chemical reactions showed that most of them was a 
totality of elementary steps that involve very reactive intermediate species - 
radicals. The general kinetic regularities of radical, chain, and chain branched 
reactions were established. These general regularities were shown for reactions 
of oxidation, halogenation, and cracking. The theory of critical phenomena when 
an insignificant change of some parameter transforms the slow reaction into 
explosion was given in the framework of this direction. N.N. Semenov and C.N. 
Hinshelwood made a fundamental contribution to the development of these 
concepts. 


Analysis of the totality of the established regularities showed that the study of 
complex chemical reactions cannot be restricted by kinetic measurements of 
concentrations of stable species but must include the detection of the kinetics of 
atoms and radicals that lead the chain. This induced the development of the 
second direction of the gas phase chemical kinetics -- investigation of elementary 
reactions. A considerable contribution to the development of this direction was 
made by V.N. Kondrat'ev R.G.W. Norrish, and J.C. Polanyi. 


Elementary reactions of atoms and radicals were studied first. Then different 
forms of energy (translational, rotational, and vibrational) were established to be 
nonequivalent with respect to surmounting the activation barrier. Therefore, 
simple taking into account reactions of atoms and radicals is insufficient for the 
kinetic analysis of energetically nonequilibrium processes. Knowing of 
microscopic steps in which reactants and products in certain quantum states 
participate is necessary. In this sense, we can say that the gas phase chemical 
kinetics reached the quantum level where the elementary reactions should 
already be considered as a complex reaction consisting of various microscopic 
Steps. 


A new area of research, femtochemistry, in the framework of which reactions 
are studied in the femtosecond time scale, has recently appeared along with the 
term coherent elementary reactions in which phase characteristics of the motion 
of atoms in the molecular reacting system are taken into account. 
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The modem approach to revealing the mechanisms of complex chemical 
reactions is based on the achievements of computer technique. Computer 
methods make it possible to calculate different variants of chemical mechanisms 
and reveal key elementary reactions, which are needed to be experimentally 
studied. Therefore, the experimental chemical kinetics in the gas phase 
concentrated its attention on studying elementary reactions. Fundamental 
problems of the chemical kinetics associated with the development of concepts 
about the physics of the elementary chemical act also lie in this area. Below we 
present the modern experimental methods and theoretical approaches for 
studying elementary reactions. 


Chapter 2 


Theory of elementary reactions 


2.1. General statements and definitions 
2.1.1. Types of pairwise collisions 


Molecules in gases for a long time exist at long distances from each other 
where the interaction is virtually absent. Only when they are brought together at 
sufficiently short distances, the molecular interaction becomes so substantial that 
can lead to this or other detected result: charge transfer, excitation energy 
transfer, chemical reaction, etc. The minimum result of the interaction is the 
distortion of the trajectory of a moving particle, that is, a change in the motion 
direction. If some, at least minimum indicated result of the interaction of two 
particles A and B is observed during their motion, we say that the collision 
(scattering) occurred. The probability for three molecules to be simultaneously at 
a short distance from each other is low. Therefore, two colliding particles can be 
considered as an isolated systems and only pairs of collisions can be taken into 
account. 


Both heavy (atoms, ions, molecules) and light (electrons, photons) particles 
can be involved in collisions. Polyatomic molecules have internal degrees of 
freedom (vibrational and rotational motion of atoms) and, in this sense, they have 
an internal structure. 
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Collisions of heavy particles 


Let particle A exists in the quantum state i and has the velocity Va and 


particle B is in the quantum state j and has the velocity Vs. The processes of 
three types can occur at collisions of particles A and B 


A, v A) * B(j, v B AG, V 'A) + BG, v 'B), 
AG, V A)- BG, V B) — AQ, V 'A) * Bim, V 'B), 
A(G, V A) BG, V B) C(l, V 'C) * D(m, V D), 


where l, m are the quantum states of the particles after the collision; velocities of 
scattered particles are marked by stroke. 


Process 1 corresponds to elastic collisions in which the quantum states of 
particles A (i) and B (j) remain unchanged and only the vectors of the velocities 
of their motion change. Process 2 corresponds to inelastic collisions when the 
quantum states of particles A and B change along with the velocities. These 
processes include various forms of exchange of the energy of vibrational, 
rotational, and electronic motions. Process 3 corresponds to collisions 
accompanied by the redistribution of atoms to form new particles C and D. In 
this book, we consider mainly collisions of the last type, which are named 
chemical collisions or chemical reactions. 


2.1.2. Collision cross section 


Such physical magnitudes as the collision cross section and rate constant of 
the collision are quantitative characteristics of the collision process. Describing 
processes in experiments on scattering (molecular beams), researchers usually 
use the notion of "collision cross section," whereas for collision processes in the 
bulk the notion "rate constant of the process" is used. First, let us introduce the 
notion "collision cross section". 


The scheme of the experiment with molecular beams is presented in Fig. 2.1. 
Particles A and B with the velocities V4 and Vecan collide in the interaction 
zone (hatched region in figure). The interaction products fly apart at different 
angles and are detected by a detector, which can be replaced around the 
interaction zone. 
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Fig. 2.1. Principal scheme of crossed molecular beams. 


Let us consider the collision of particles A and B in the reference system where 
particles B are at rest st (a new laboratory reference system). In this system, particles A have 


the velocity V = Va4- Vs , Which we call the relative or collision velocity. Accept the 
direction of vector V as the direction of the x axis. Let us place the zero reference point 


X = 0 at the boundary of the interception region of the molecular beam with particles B 
(Fig. 2.2). 


Molecular beam i particles B | Š 
of particles A Pret | | S 
SS eee “2 - 
[| 
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Fig. 2.2. Scheme of experiment to introduce the idea of collision cross section. 


Thus, we have the incident beam of particles A moving in the direction of the 
x axis. Let an imagined detector, which detects particles A that have not collided 
with particles B, is placed in the x axis. Designate the flux density of particles A 
as I. This value is equal to the number of molecules A passed per unit time 
through the unit surface perpendicular to the x axis, namely, I = v[A], where [A] 
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is the concentration of molecules A in the beam. The concentration [A] depends 
on x because during passing of the beam some fraction of particles A, due to 
collisions with B, changes the direction of its motion and leaves the beam. As B 
pass through the target, i.e., with an increase in x, the flux density I in the beam 
decreases. It is clear from physical concepts that the attenuation of the flux 
density dI in the way dx is proportional to the concentration of scattering centers 
[B], flux density I, and the dx value 


dl = - ool(x)[B]dx (2.1.) 


The sign minus reflects the fact that the flux density of the particles decreases 
with increasing x. The proportionality coefficient cy, which depends on the 
collision velocity v, is named the total collision cross section. Integrating (2.1.), 
we obtain 


I= KO)exp(- oo[B]x (2.2) 


where I(0) is the flux density at the point x = 0. 


Formula (2.2) allows one to determine the dimensionality of op. In fact, since 
the product o,[B]x has to be dimensionless, the quantity ©, has the 
dimensionality of the surface area. 


In order to reveal the physical sense of Oo, we consider the structureless 
spherically symmetrical particles A and B. In this case, only elastic process 1 can 
occur upon the collision. The theoretical consideration of collision processes is 
usually performed in the system of coordinates related to the center of mass. In 
this system of coordinates, the problem of elastic scattering of particles A and B 
is reduced to the consideration of the motion of a fictitious particle with the mass 


u = Mamp/(mg + mc) (2.3) 


and velocity V = V4-- Vein the stationary spherically symmetrical force field 
with the center at the center of mass of the system (Fig. 2.3). The mass p is 
named the reduced mass of colliding particles 


Monitoring the number of particles scattered in some direction at the angle 0 
to the primary direction, we can similarly introduce the notion of the differential 
cross section dog as the characteristics of the fraction of particle A scattered in 
the solid angle dQ —2nsin0d90. The 0 angle at which scattering occurs depends on 
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the distance at which particle A would fly from particle B if they did not interact. 
This distance is named the impact parameter b. The scattering angle and impact 
parameter b are related to each other: particles that fly with the impact 
parameters in the range from b to b + db are scattered at the 0 angles in the 
specified interval d 0. It follows from this that 


doo = 2nbdb (2.4) 





Fig. 2.3. Classical trajectory of elastic scattering in the center-of-mass system. 


In order to find the dependence of the differential cross section on the scattering 
angle, it is sufficient to rewrite expression (2.3) in the form 


d ao Eb(9) |db /sin 6d 0| d Q (2.5) 


where the contributions to the scattering at the specified angle 0 from different 
impact parameters are summated. 


To determine Oo, the integration with respect to flight-off angles can be 
replaced by the integration with respect to the impact parameter. In this case, we 
can write 


bmax 
ov) = f 2 xbdb (2.6) 
ò 


where bmax is the maximum value of the impact parameter at which scattering 
takes place yet. 
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For the model of rigid spheres, b,,, = Ra + Rg (where R4 and Rg are the radii 
of the spheres). Then we have 


0o = x(RA + Rp)? (2.7) 


However, for the real interaction scattering also occurs outside the region of 
geometric contact. This is especially substantial, for example, for the Coulomb 
interaction of charged particles. Formulas for the cross section of inelastic 
processes substantially depend on the fact which form of the energy (electron, 
vibrational or rotational) changes. 


The notion of the partial cross section can be introduced for each of three 
types of the processes: o; (for elastic scattering), 62 (for inelastic scattering), and 
©; (for the chemical reaction). Each cross section represents the same 
proportionality coefficient o in formulas similar to (2.1) obtained under the 
additional conditions that scattering of particles A is accompanied by one of 
three processes indicated. In the general case where all three processes are 
possible, the total collision cross section is summated from the corresponding 
partial cross sections Oo = 0; + 0; + 63. 


Let us take that the collision of particles A and B has occurred if any of these 
three processes takes place. Therefore, we can introduce the probability P, of 
each process 


Pa = 6,/ Oo a= 1,2,3 (2.8) 


As a rule, the probability of the elastic process P, is close to unity, i.e., much 
higher than P, and P3. 


2.1.3. Rate constants of bimolecular reactions 


The notion of the rate constant K," (index v indicates that the collision 
velocity of particles v is unchanged), which is related to the notion of the cross 
section of the process W3", is also used for the quantitative characterization of 
the rate of each of the processes considered. 


Let us discuss the most general case of collision 3 in which the internal 
energy changes and atoms are redistributed. The process rate W3“ can be 
determined from the consumption of the reactant or from the accumulation of the 
reaction product. These determinations are not equivalent because when the rate 
is found from the reactant consumption, it includes other possible reaction 
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channels, e.g., channels of the formation of products C and D in other quantum 
states. Determine the processes rate as the rate of formation of product C 


W;' = d[C(] / dt = k;'(;j — lm)[AG, va)][BG, va)] (2.9) 


where [C(1)] is the concentration of product C in the quantum state 1; [AG, v4)]is 
the concentration of particles A in the quantum state i with the velocity , v4; [B(j, 
vg)] is the concentration of particles B in the quantum state j with the velocity vg. 

With the introduction of the new laboratory reference system (where particles 
B are at rest), the rate W;" depends only on the relative velocity of particles v 
= V,-- Vs. Therefore, for the W3” rate we can write 


W= k(ij > lm)[AGE)][BG)] (2.10) 


Let the flux density --dI of particles A(i) decreases in collisions with particles 
BG) only due to process 3. Since the I value is referred to unit surface and time, 
the decrease in the flux density during passing the dx distance is equal to the 
process rate W;" multiplied to the volume of a cylinder with the unit surface area 
of the base and height dx, i.e., 


-dI = k;'(j > Lm)[AG, v)][BG)]dx (2.11) 


Comparing expressions (2.11) and (2.1), we have 


k;ij — Lm)[AG, v)] = o(i,j > Lm) (2.12) 


and, when taking into account that I = v[A(i, v)], then 


k(ij — Lm) = vo(ij — Lm) (2.13) 


For elementary processes in the bulk and in several cases, also for the real 
experiment in beams, the relative velocity of colliding particles is not the same 
for each collision act. To obtain the rate constant, in this case, we have to 
average k(ij — 1,m) by the available set of relative velocities v. 


Let the probability that colliding particles have the relative velocity in the 
interval between v and v + dv be dP. Then 
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dP = f(v)dv (2.14) 


where f(v) is the normalized to unity distribution function of the colliding 
particles over relative velocities. 


The rate constant k(ij — l,m) averaged over relative velocities is expressed 
through k(ij — l,m) and f(v) as follows: 


k(ij— Lm) = f k(ij — Lm) f(v)dv (2.15) 
0 


Inserting expression (2.13) into (2.15), we obtain 


kj — Lm) = [ o(ij — Lm) flv)dv (2.16) 
0 


In most real cases, the function f(v) is the Maxwell distribution function, which 
is related to the fast establishment of the equilibrium distribution over velocities 
due to elastic processes. The Maxwell distribution function over relative 
velocities has the form 


f(v,T) = 4n(u / 2 nka T) v expl- v^/ 2 kpT) (2.17) 


where kg is the Boltzmann constant. 


For this function f(v, T), the rate constant averaged over relative velocities is 
described by the expression 


oo 

k(ij — l,m; T) = 4x(u / 2 nkg T)? f o (ij — Lm) v’exp(-p v7/ 2 kgT)dv 
0 

(2.18) 


The overall rate constant Zo of bimolecular collisions we obtain by the 
replacement of the cross section o (i,j — l,m) in (2.18) by the total collision cross 
section 6, and transition to the variable E, = p v^/ 2 under the integral 
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Zo = (8kgT / ny)? f Oo(Exexp(-Ex / kaeT) E,dE, /(kaT) (2.19) 
0 


Let us introduce the cross section 6), which will be named the kinetic cross 
section, in such a way that 


Zo = ov(8 kaT / nu)? =< v > oo (2.20) 


The rate constant at the temperature Tkk(ij — l,m; T) can be presented in the 
form 


k(ij — Lm;T) = Z;P(1,j — 1m; T) (2.21) 


where P(i,j — lm; T) is the probability that process 3 occurs during collision. 


Expressions (2.18) and (2.21) determine the rate constant of processes where 
the quantum states of reactants and products are specified. These processes are 
named microscopic, and rate constants of these processes are named microscopic 
rate constants. 


However, attempts to specify quantum states of reactants and products in real 
experiments often fail. Therefore, a less detailed information is usually used, that 
is, such rate constants which are partially averaged over the states of reactants 
and summated over the states of products. Some examples for these approaches 
are the following. 


(a) A(1) + BG) — C + D. In this example, the quantum states of the reactants 
are specified, and it is not defined in what states the products are formed. The 
averaged rate constant of this process k(ij —;T) can be obtained by the 
summation of the probability of the process P(ijj — 1m; T) over all quantum 
states of the products 


küj—;T)-Z, $, PGi > Lm; T) (2.22) 
Lm 


(b) A + B — Ci) + Dam). In this example, the reaction occurs from any 
quantum states of the reactants to the certain quantum state of the products. In 
this case, the microscopic rate constant k(ij — l,m;T) should be averaged over 
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the quantum states of the reactants. With this purpose, the population of various 
quantum states of reactants A and B should be known. Let 


[A()] = fA)[A] and [BG)] = fa@)[B] 


where fa(i) and f,(j) are the distribution functions of molecules A and B over 
quantum states i and j, respectively; [A] and [B] are the overall concentrations of 
A and B. 


Then 


k(2 lm;T) = P3 fa (i) f s0) kj > Lm;T) (2.23) 
LJ 


(c) A(ni) + B(n2) — C(n;) + D(n4) (where nj, n2, ns, and n, are the quantum 
numbers characterizing the vibrational states of molecules of reactants A, B and 
products C, D). In this example, the vibrational states of molecules A, B, C, and 
D are not specified. Then the rate constant k( nı, n2 — n3, n4) can be obtained by 
the following averaging: 


kKmm-nmnjg)- 9. 9». £f) 
NoNpy Na Np 


k(n;, Na > N2, Ns ns, Nc » 14, Np;T) (2.24) 


where f a (N 4) and f s (N à) are the distribution functions of molecules A(n;) 
and B(n;) over the vibrational states Na and Ng, respectively; the summations are 
performed over vibrational states Nc and Np of molecules of products C(n;) and 
D(n4). 


(d) A + B — C + D. In this sample, neither the quantum states of reactants 
nor the quantum states of products are specified. We will call this process the 
elementary reactions and its rate constant will be named the rate constant. It 
depends on both the distribution function over collision velocities and the 
distributions f , (i) and f  (j) of molecules A and B over the quantum states 
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k(T) - 2. > fA) fa) klij > Lm;T) (2.25) 
Lm i,j 


If all indicated distributions are equilibrium, i.e., the velocity distribution is 
the Maxwell-type and the state distribution is the Boltzmann-type, the 
equilibrium rate constant is obtained. The term "equilibrium" indicates that the 
different forms of energy (rotational, vibrational, electronic) are characterized by 
one temperature T (energy equilibrium). 


Studying thermal reactions, that is, when an external effect on the system (by 
the light, discharge, etc.) is absent, researchers deal, in most cases, with 
conditions of the energy equilibrium. Therefore, the term "equilibrium" is 
usually omitted for the rate constant and simply the rate constant of the 
elementary reaction is discussed. By contrast, when the reaction occurs under 
energetically nonequilibrium conditions, this is accepted to be specially marked. 


The temperature plot of the rate constant k(T) of equilibrium elementary 
reactions is usually presented in the so-called Arrhenius exponential form 


k(T) = Aexp(-E/ kpT) (2.26) 


The temperature-independent A and E values are named the pre-exponential 
factor and Arrhenius activation energy, respectively. This is precisely the form 
which is appropriate for the majority of experimentally measured rate constants 
of bimolecular reactions. At the same time, as will be shown below, the theory 
predicts that 


k(T) = A'T'exp(-Eg4 kpT), n=-1...+5 (2.27) 


In recent time, when k(T) is measured in a wide temperature interval, it is 
presented just in the form of (2.27). 


2.1.4. Rate constants of unimolecular reactions 


Collision processes can result in the formation of the active molecule A*(€), 
whose energy € on the internal degrees of freedom is higher than some threshold 
Eo value necessary for the decomposition of the molecule or rearrangement of 
atoms. Such active molecules can spontaneously undergo chemical 
transformations. These chemical reactions are named unimolecular reactions. 
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The active molecules can be formed by collision processes of energy 
exchange (thermal activation), bimolecular association reactions of the type R + 
R, — RR*,(€) (chemical activation) and absorption of photons (photoactivation). 


The spontaneous unimolecular reaction obeys two laws: conservation of 
energy and conservation of total angular moment J. The rate of spontaneous 
unimolecular reactions is described by the expression 


dA*(e, J)/dt =-k(e, N[A*(e, J/] (2.28) 


The coefficient k(e, J) is named the microscopic rate constant of unimolecular 
reaction. Sometimes this rate constant is named microcanonical because all states 
with equal € and J values are assumed to the equiprobable. If active molecules 
A*( £) are formed with some distribution f(e, J) over the states with the energy € 
and angular moment J, the averaged rate constant < k(e, J)> is described by the 
equation 


© © 
<k(e, J)>= f Y. ke Dile, Dde (2.29) 
E, J 


It should be emphasized that, in principle, the E, value (potential barrier) 
depends on J. 


In the general case, the distribution function f(e, J) depends on the rate of 
obtaining active molecules and experimental conditions. Photoactivation readily 
provides the conditions for studying the unimolecular reactions involving A*(e, 
J). In the case of thermal activation, the chemical unimolecular reaction and 
processes of energy exchange with the gas M cannot be distinguished under 
some experimental conditions. Let us illustrate this point considering the 
simplified kinetic scheme 


k(¢,J) 


(1) A- Mz—L————23 A*(e, J)+M 


k ((e,J) 


k. (e, J 
Q) ES a C+B 
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Process 1 and the reverse process present energy exchange. It is assumed in 
the considered kinetic scheme that the active molecule A*(e, J) is formed due to 
one collision. In addition, it is assumed that the buffer gas M exists in an excess 
and, hence, energy exchange processes occur only upon collisions with particles 
M. 


In the real experiment, the consumption rate of A due to process 2 is often 
detected. The macroscopic rate constant of unimolecular reactions ky for thermal 
reactions is determined as 


1 d[A] 


OM) de 


Using quasi-stationarity with respect to [A*(e, J)], after the summation over J 
and integration over g, we can easily obtain the expression for ky(T) 


*? & kk D EEN , 
e d 2 Hee EE IM ^ 


The ratio k, (£J ) / I (EJ ) can be found using the principle of detailed 
balancing. In fact, the following relation is fulfilled at equilibrium: 


keJ) [A*(e, J] 


= tS = fale, J) (2.30) 
kK_(&,J) [A] 


where fa(e, J) is the Boltzmann distribution of molecules A over the states with 
the energy € and angular moment J. 


Using equation (2.30), we obtain 


k (€, Ife J) 


a à Ic k(eJ)/k (6 JM]. 


de (231) 
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It is seen from (2.31) that the macroscopic rate constant ky depends on the 
concentration of the buffer gas M. This plot is presented in Fig. 2.4. It is seen 
that two regions with low and high [M] values can be distinguished. In the region 
of low [M] values, the rate constant ky(T) is designated as ko(T) to emphasize 
that [M] — 0. It is seen in Fig. 2.4 that ko(T) in this region depends linearly on 
[M]. In the region of high [M] values, we designated the rate constant ky(T) as 
k..(T) to emphasize that [M] — oo. 


Let us consider the region of low [M] concentration. The condition of 
smallness of [M] is that the condition k, (e, J ) > k (e, J JM] is 


fulfilled in the interval of energies that contribute noticeably to reaction 2. 





Fig. 2.4. The plot of the rate constant of unimolecular reactions vs. concentration of the 
buffer gas M. 


Taking into account this inequality, we can obtain from (2.31) 
o œ 
&D-wM| | È ke ne nds 
Ey 77 
Usually k.; is presented in the form (2.21) 
Kı = ZoP (2.32) 


where P is the probability of the effective collision. 
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The Z)P can be brought out from under the integral sign. To estimate the 
integral, let us make several assumptions: molecule A* does not rotate, it can be 
presented as a system of harmonic oscillators, and the density of vibrational 


states p(€) remains to be equal to p(Eo) at € > Eo. In the framework of this 
approximation, 








p (E) | € | 
f(s) = exp| — (2.33) 
pom E 


where Fw is the partition function of harmonic oscillators. 


Then after integrating, we have the following expression for k;(T): 


: p(E)kpT = 
kom-[Mjze FVID exp (2.34) 


In order to correct the assumptions made, we introduced the correction factors. 
Then 


KCT) = K o( T)heXantrhrot inset (2.35) 


where ìe is the factor that takes into account the increase in the density of states 
p(&) at € > £o; Aann is the factor that takes into account anharmonicity of molecular 
vibrations; Mot takes into account the rotation of molecule A; and Ai, takes into 
account the specificity of internal rotations. 


The physical essence of the region of low [M] values is the following. The 
concentration [M] is so low that the formation of active molecules occurs more 
slowly than the decomposition of active molecules. This implies that almost all 
active molecules A*(e, J) that are formed decompose before deactivation 
collision. Therefore, kgT/[M] is the rate constant of the bimolecular reaction of 
formation of active molecules. 
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Now let us consider the region of high [M]. High [M] concentrations imply 
those for which the inequality K,(£, J) < K (6, J)[M] is fulfilles. 


Taking into account this inequality, we obtain from (2.31) 


9€ o 
bef T) = f Y. oe J fale, J) de (2.36) 
E, J 


As can be seen, equation (2.36) coincides with formula (2.29). This implies 
that the rate constant of decomposition of active molecules A*(e, J) averaged 
over the Boltzmann distribution fp(£, J) is measured in this region of [M] values. 
The fact that the distribution function f£, J) remains Boltzmann implies that at 
these [M] values energy exchange processes occur so rapidly that the 
unimolecular reaction does not virtually violate the Boltzmann distribution. The 
method for calculation of ka(e, J) and more detailed equation for k.(7) are 
presented in Sections 2.2.4 and 2.4.6. 


The rates of energy exchange processes and reactions of active molecules are 
comparable in the region of intermediate [M]. The distribution function fe, J) 
will not be Boltzmann, and it is very difficult to calculate theoretically the rate 
constant. Therefore, to express ky(7) through ko(T) and ko(T), empirical 
approaches are used, for example, the following expression: 


ku 
ka 


[M] / [M,] 
1+[M]/M,] 


Y (ko / ko) (2.37) 


where [Mg] is the [M] value at which ky = ko (see Fig. 2.4), and y (ko / ko) is the 
broadening factor. 


The factor y (ko / ke) can theoretically be calculated using empirical 
parameters: 


2.1.5. Principle of microscopic reversibility and equilibrium constants 


Above we discussed various types of collisions. A reverse process 
corresponds to each of these processes. Cross sections and rate constants of 
forward and reverse elementary processes are mutually related. This relationship 
is determined by the laws of conservation of energy and total angular moment. 
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Process 3 is the most general type of an elementary process for the collision 
of heavy particles because it is accompanied by the simultaneous redistribution 
of atoms and energies of internal and translational motions. The principle of 
microscopic reversibility for this process has the following form: 


2pEssgigo(j — Lm) = 2wE cassis o(Lm — ij) (2.38) 


where g; g; Zr Zm are the multiplicities of states i, j, 7, and m, respectively; p and 
uw’ are the reduced weights of reactants and products; Eran and E west are the 
translational energies of reactants and products; and o (i,j — Lm) and o (Lm — 
ij) are the cross sections of the forward and reverse reactions. 


The rate constant and cross section are related between each other through 
the distribution function fv, T) by expression (2.18). Using this expression with 
the Maxwell distribution function f(v, T), we can write expressions for the rate 
constants of the forward k(i,j — l,m) and reverse k(l,m — i,j) reactions. 


The energies E transi and F'rans are related by the conservation law: 


E'sansl x E iransi +AU (2.39) 
where AU is the difference between the internal energies of products and 
reactants. 


Using expressions (2.38), (2.39), and (2.18), we can easily obtain the 
expression for the ratio of the rate constants of the forward to reverse reactions 


= 3/2 
k(i,jLm;T) | Sj Em E ap AU | omw 
k(l, m >i, j;T) &;8&; (B 


Relationship (2.40) expresses the principle of detailed balancing for microscopic 
processes. 


According to this principle, we can speak about an equilibrium between 
microscopic processes when the rates of the forward and reverse reactions are 
equal 


kj — L m; DAB] = kaj Lm; DIC), [Dm] (2.41) 


34 Theory of elementary reactions 


where [A;], [B;], [Ci], and [Dm] are the equilibrium concentrations of reactants 
and products. 


Then the equilibrium constant of the microscopic process is the following: 


k(i,j 1,m;T) [CD] - 
k(lom i, j;T ) $ [A,][B;} E 


se. a 


The next step is the application of the principle of detailed balancing to 
partially microscopic or "equilibrium" reactions. In the general case, we have to 
know distribution functions for various degrees of freedom. This implies that 
microscopic energy exchange process should be taken into account along with 
reactions at the microscopic level. Nevertheless, we always can speculatively 
assume that the addition of some efficient and selective relaxing agents to the 
system results in the fact that the Boltzmann distribution over these or other 
degrees of freedom is established much more rapidly than the chemical 
equilibrium. Then the chemical equilibrium is already established under the 
condition of the Boltzmann distribution over all or only some internal degrees of 
freedom. Using the principle of detailed balancing, we can find relationships for 
the rate constants of forward and reverse processes for macroscopic or partially 
microscopic reactions. 


K(ij — Lm;T) = 


(2.42) 


Table 2.1 contains the expressions for the equilibrium constant for the 
reaction of the atom A with the diatomic molecule BC. It is accepted that the A 
and C atoms and the BC and AB molecules are in the nondegenerated electronic 
states, and the AB and BC molecules can exist in different vibrational and 
rotational states. 


The examples considered in Table 2.1 show that when the quantum states of 
the reactants and products are not fixed, the statistical sum over the 
corresponding degrees of freedom appear in the equilibrium constant. The said 
can be generalized for the case where the A and C particles are not atoms. Then 
statistical sums will appear for the degrees of freedom of the A and C particles, 
whose quantum states are not fixed. 
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Table 2.1. Equilibrium constants of reactions of the atom A with the diatomic molecule 
BC 


3/2 f 
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Note. The difference between the internal energies of products and reactants AU is 
determined from formula (2.52), F™ and E"? are the rotational and vibrational partition 
functions of the AB and BC molecules, N is the rotational quantum number, and n is the 
vibrational quantum number 


The detailed balancing principle for the equilibrium considered appears as 
follows. When the equilibrium of the macroscopic elementary reaction is 
Observed, any microscopic process, whose totality composes this elementary 
reaction, are also equilibrium. 


We considered adiabatic reactions. If electron-excited species are among 
reactants or products, the electronic partition function of the reactants or products 
should also be taken into account. 


Case g (Table 2.1) corresponds to the energetically equilibrium elementary 
reaction. Since the constants of the forward and reverse reactions depend on T' 
only, the reaction direction is indicated henceforth by an arrow above the rate 
constant. 
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The expression for the equilibrium constant K can also be obtained from the 
thermodynamics 


K= k (n) k (T) exp-AG'(D) / keT) (2.43) 


where AG" is the change in the Gibbs energy on going from reactants to 
products. 


2.1.6. Potential energy surface (PES) 


The first task in the calculation of rate constants of elementary reactions is 
the determination of the potential energy of interaction of colliding particles. In 
the general case, the potential energy of interaction U(r, R) depends on the set of 
coordinates of electrons r and coordinates of nuclei R and should contain the 
contributions from electron-electron, electron-nucleus, and nucleus-nucleus 
interactions. This task is very labor-consuming and, hence, the adiabatic 
approximation is usually used. It is based on a possibility of separation of 
motions over different degrees of freedom if the scales of the characteristic times 
of these motions differ substantially. 


Since the mass of any nucleus more than by 10? times exceeds the mass of an 
electron, the characteristic times of motions of the electronic and nuclear 
subsystems differ substantially, that is, the motion of electrons can be studied at 
any fixed position of nuclei. With a change in the position of nuclei, the electron 
motion as if without inertia follows the motion of nuclei. This approximation can 


mathematically be reduced to that the wave function 'V( F,R) for each 
electronic state (which is marked by index i) is the product 


0 wr, R)-oerr, Ry R) (2.44) 
where ọ(F , R Jand x4 R ) satisfy the following equations: 


U-u(r,Ryerr, Ry-u( R oF, R) 45) 


7, * Uu, R yx Ro-ax R) (2.46) 
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where T, and T, are the operators of the kinetic energy of electrons and nuclei, 
respectively. 

Equation (2.45) is the wave equation for the electronic motion when the 
nuclei are at rest. The U( R ) values are eigenvalues of the operator H. = T, + 
U( R ) and named the adiabatic terms of electronic subsystem. The functions 
oF, R ) are the electronic wave functions of the system in the i-th state and 
named the adiabatic electronic functions. The R coordinates can be 
considered as parameters on which Uu R Jando(F , R ) depend. 

Equation (2.46) describes the motion of nuclei. It is seen from this equation 
that in the indicated approximation U( R ) is the potential energy of nuclei for 
the specific i-the electronic state of the system. The plot of the Ux R ) function 
in the case where R is restricted to one variable is named the potential curve, 


and in the case where R is a set of variables, the potential energy surface 
(PES) is considered. 


Elementary processes can be classified as electronically adiabatic and 
nonadiabatic processes. The sense of the idea "electronically adiabatic process" 
is clear: these are the processes that occur without a change in the electronic state 
of the system. This is precisely the class of processes for which we can remain in 
the framework of the adiabatic approximation. However, there are nonadiabatic 
processes for which the electronic state of the system changes. In the general 
case it is difficult to predict what processes are electronically adiabatic and what 
are nonadiabatic. It is clear from qualitative concepts that the higher the 
difference between the characteristic times of the electron and nuclear motions of 
the system, the better the description of the system by the adiabatic 
approximation. 


Let 





AUR )-u« R )-u( R) 
where Up and U; are the PES of the ground and first excited electronic states of 
the system. 
Then the characteristic time of the electron motion can be estimated from the 


uncertainty relation (v, ~ 2z7/ Au R )). Designating the characteristic length 
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in which the adiabatic PES U«( R ) of the lowest electronic state changes 
significantly by / and the velocity of the nuclear motion by v, we can evaluate the 
characteristic time scale of the nuclear motion within which the indicated 
changes occur as follows: tr ~ I/v. The ratio of time scales of two motions (fast 
and slow) is named the Messi parameter C for which, in the considered case, we 
have 


E ~ (Te / vg) = Aul / hv (2.47) 


It is clear from qualitative concepts that the better the fulfillment of the condition 
6 >> 1, the stronger grounds for using the adiabatic approximation. If the region 
of R values for which € does not much exceed unity (close to unity or even 
lower) exists for the potential energy surfaces, then transitions to PES of other 
electronic state can occur in this region. The adiabatic approximation cannot be 
used in this region of nuclear coordinates and the theory of nonadiabatic 
transitions should be applied. 


In the framework of the adiabatic approximation, the only function of the 


potential energy Ui R ) which depends only on the coordinates of nuclei R = 
ÍR;, Ro, ..., Ran-s}, corresponds to each i-th electronic state of the system. If the 
system consists of N atoms, the U; function depends on 3N -- 6 independent 
variables. This follows from the fact that six degrees of freedom refer to the 
motion of the system as a whole (3 translatory and 3 rotational degrees of 
freedom) and must be subtracted from the number of coordinates of atoms 3N. 
Therefore, the equation 


U- OR, R5, T Raw) (2.48) 
specifies the surface in the space with the 3N -- 6 dimensionality. Index "i" is 
omitted because the PES for the ground electronic state is considered below. 


The topography of the PES depends on the nature of colliding particles. It has 
maxima, minima, saddle-points, valleys, etc. The PES can depend on many 
variables R;, and this impedes its representation in the clear form. For simplicity, 
let us consider the collision of the atom A with the diatomic molecule BC. 
Various elementary processes can occur due to this collision. We will restrict our 
consideration by the direct exchange reaction 


A t BC —» AB 4 C. 
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The potential energy of this system depends on three coordinates: the distance 
between the B and C atoms (Rsc), the distance from the A atom to the center of 
mass of the BC molecule (Ra), and the angle f between the vectors Ra and Rgc 
(Fig. 2.5, a). 





Fig. 2.5. Relative arrangement of three interacting atoms: a, noncollinear configuration; 
and b, collinear configuration. 


In order to decrease the number of coordinates, we fix the f) value, B = 7, that 
is, we will consider the collinear collision (Fig. 2.5, b). In this case, the potential 
energy depends only on two coordinates Rgc and R4. Another coordinate can be 
chosen instead of Ra, for example, the distance (Rag) between the atoms A and 
B. 





Fig. 2.6. Potential energy surface (PES). 
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The qualitative form of the PES in these coordinates is presented in Fig. 2.6. 
Solid lines mark the levels of equal energies. The PES has two valleys 
corresponding to the reactants and products of the exchange reaction. They are 
separated by the saddle point (designated by asterisk). At large Rag values, the 
potential energy of three atoms should be transformed into the potential energy 
of the BC molecule in the reactant valley. This implies that if at large Rag we 
draw the PES cross section parallel to the Rgc axis, in this cross section we 
obtain the potential energy curve of the BC molecule. 


As the atom A approaches the molecule BC in the cross sections parallel to 
the Regec axis, the potential energy curves are more and more transformed 
simultaneously with an increase in the minimum of the potential energy. When 
we draw the cross sections parallel to the Rag axis after passing the saddle-point, 
the potential energy curve also changes with increasing Rsc in these cross 
sections, and the value of the potential energy minimum begins to decrease. At 
large Rgc distances, the potential energy curve of the AB molecule is obtained in 
the cross section of the outlet valley. 





Jr Reaction coordinate 


Fig. 2.7. PES cross section along the reaction path. 


Two valleys of reactants and products can be connected by the S line along 
which the potential energy is minimum, that is, the shift from SS to any side 
results in an increase in the potential energy. In Fig. 2.6 S is shown by dotted 
line, being named the reaction path. The motion along the reaction path can be 
described by the reaction coordinate g,, which measures the distance passed by a 
representative point along the S line. The PES cross section along the reaction 
path gives the dependence of the potential energy on the reaction coordinate: 
U(q,). The dependence U(q,) for the considered PES is presented in Fig. 2.7. 


The reaction profile allows one to distinguish two parameters important for 
the characterization of the elementary process: Ey and AU. The E, parameter 
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indicates the height of the potential barrier. The AU, parameter characterizes the 
energy of the elementary process, and its sign indicates whether the elementary 
process occurs with the absorption or liberation of the energy if the reactants and 
products are in the ground vibrational state. 


The Ey and AU, parameters should be determined taking into account the 
energies of zero-point vibrations for the reactants E 2: products E? , and a 


quasi-molecule at the saddle-point BT . Then, as can be seen from Fig. 2.7, the 
Es and AU, values can be expressed as follows: 


A U= EE-EP , E= EZ -EE (2.49) 
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Fig. 2.8. Reaction profiles of the reaction A + B — C + D: a, direct reactions; and b--d, 
reactions through a long-lived complex. 


If A Up > 0, the potential energy increases, that is, the elementary reaction 
occurs with energy absorption. These reactions are named endoergic. Note that 
the microscopic exoergic process can occur with either the liberation (exothermic 
process) or absorption of the energy (endothermic process). In this case, the sign 
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of the A Us value indicates the exothermicity or endothermicity of the process. 
This value is the difference of the energies of reactants and products in the 
specified quantum states. For example, for process 3 


AU = AU, [(Ei+ E) - KEr* En)] (2.50) 


where E; and E; are the internal energies of the A and B reactants; and E,, and E, 
are the internal energies of the C and D products. 


If A Uo > 0, the process is exothermic, i.e., occurs with energy liberation; if A 
Up < 0, the process is endothermic, i.e., occurs with energy absorption. At A Up = 
0 the process is thermoneutral. 


Note that the reaction profiles can differ for different types of elementary 
reactions (Fig. 2.8). As can be seen in Fig. 2.8, the reaction profiles can have a 
potential barrier (a), can be without a potential barrier (c) or with two potential 
barriers (b, d). This distinction can be used for the classification of elementary 
reactions. 


2.1.7. Classification of elementary reactions 


Elementary reactions can be classified by various properties. Some divisions 
have already been done earlier: adiabatic and nonadiabatic reactions, exoergic 
and endoergic reactions. 


Sometimes reactions are classified by the number of atoms involved in the 
formation and cleavage of bonds. The reaction AB + CD — AC + BD is the 
four-center reaction. In this reaction, A, B, C, and D can be either atoms or 
radicals. Reactions of this type are accompanied by the cleavage of two former 
bonds and formation of two new bonds. This type of reactions can be 
exemplified by the reaction CS + O; — CO + ‘SO. 


In three-center reactions C + AB — A + BC, one former (simple, double, or 
triple) chemical bond is cleaved and one new bond is formed. This type of 
reactions is presented by atom or radical abstraction, for example, H + RH — H; 
+ R (R is the radical), disproportionation, e.g., CH; + ‘C2Hs, and substitution, for 
example, COS + :O — CO; + :S. 


Two types of bimolecular reactions can be distinguished at the macroscopic 
level of description. 


1. Bimolecular exchange reaction when atoms are redistributed upon the 
collision of two molecules or a molecule and an atom 
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(DA-B—C-^D. 


2. Addition (association) reaction when one particle is formed upon the 
collision of two particles 


(2) A- Bo AB. 


However, if reaction 2 is considered in more detail, we see that it consists of 
several steps. The active molecule AB*(c) is formed due to the addition of A and 
B (A + B — AB*(c)). This molecule can decompose in the backward direction 
(AB*(z) — A + B), be deactivated in collisions with other molecules M (AB*(s) 
— AB) or participate in spontaneous unimolecular reactions to form other 
products (AB*(g) — C + D). When decomposition in the backward direction and 
deactivation in collisions with M are the main reactions of AB*(z), the addition 
reaction occurs 


(2) A +B & AB*(c) > AB. 


When the rate of AB*(e) decomposition with the formation of products C and D 
exceeds the rate of AB*(e) deactivation, the exchange reaction occurs 


QG) A +B © AB*(c) ^ C+D. 


When omitting the formation of the intermediate AB*(e) particle, we have 
exchange reaction 1. Thus, the same rearrangement of atoms occurs in reactions 
1 and 3 but the mechanisms of this rearrangement can differ. Reaction 1 is an 
elementary reaction, whereas in reaction 3 the formation of products occurs via 
several steps. These distinctions depend on the specificity of the reaction profiles 
and are most pronounced in studies in crossed molecular beams when the 
product flight-off is detected under different angles with respect to the direction 
of the vector of the relative velocities of reactants. In order to emphasize these 
distinctions, bimolecular reactions are divided into two types, which are 
indicated below. 


Direct reactions. The characteristic reaction profile of the direct reaction is 
shown in Fig. 2.8, a. The specific feature of this profile is the presence of one 
extreme (maximum) on the profile of the reaction path. The angular distribution 
of products in these reactions is strongly asymmetrical relatively to the scattering 
angle 0 = 90°. It follows from this that the redistribution of atoms occurs within 
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the time shorter than one rotation period. The direct reaction is exemplified by 
‘H+ RH — H; + ‘R. A more detailed classification depending on the character of 
the angular distribution of reaction products can be introduced for direct three- 
center reactions (C + AB — BC + A). If the BC products are mainly scattered in 
the direction of the motion (in the system of the center of mass) of the C particle 
(forward scattering), such reactions are named stripping. If the products are 
scattered in the direction of the motion of the AB molecules (backward 
scattering), such reactions are named rebounding. The majority of direct three- 
center chemical reactions with a noticeable activation energy proceed via the 
mechanism close to rebounding. Cross sections of these reactions are small and 
strongly depend on the energy. 


Unlike rebounding reactions, stripping reactions are usually characterized by 
large cross sections that are weakly depend on the translational energy. The 
typical representatives of stripping reactions are the so-called reactions with the 
electron transfer at the intermediate stage. For example, the reaction K + Br; 
proceeds via the mechanism 


K * Br; > K* + Br; — KBr + Br 


Reactions occurring via the formation of a long-lived intermediate 
complex. The long-lived intermediate complex usually corresponds to the 
strongly vibrationally excited molecule AB*(z) This complex does not 
decompose within the time interval, which exceeds at least several rotation 
periods. Many vibrations occur in the complex during this time interval, so that 
the validity of the statistical description of the vibrational energy redistribution 
can naturally be assumed. 


Figure 2.8, b, c, d presents various reaction profiles for this class of reactions. 
Potential wells to which stable AB molecules often correspond are observed 
everywhere. This class of reactions can be exemplified by the reactions of two 
radicals. The angular distribution in these reactions is symmetrical relatively to 
the scattering angle 0 = 90°. 


Unimolecular reactions can also be divided into several types, which 
qualitatively differ by the reaction profiles (Fig. 2.9). 


Reactions of simple bond cleavage. In this case (Fig. 2.9, a), one bond is 
cleaved and two radicals are formed: A — -R + -R'. Recombination reactions, 
which, as a rule, have no potential barrier, are backward reactions of these 
unimolecular reactions. 
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Concerted decomposition reaction. In these reactions, several bonds are 
simultaneously cleaved and formed. An example of this type of reactions can be 
the reaction C,HsCl — C,H, + HCl. Reactions of this type (Fig. 2.9, b) have 
significant potential barriers (-300 kJ/mol). The reactions ‘R — D + -R' should 
also be referred to this type. As a rule, the potential barrier of these reactions is 
lower. 


Isomerization reactions. These reactions result in the rearrangement of atoms 
within one molecule: A — A', for example H2C-CHCH;NC— H;C-CHCH;CN. 
The reaction profiles of this type of reactions are shown in Fig. 2.9, c. 





Reaction coordinate 


Fig. 2.9. Reaction profiles of unimolecular reactions: a, cleavage of one bond; P, 
cleavage of several bonds; and c, isomerization. 


46 Theory of elementary reactions 


2.2. Methods for calculation of rate constants of elementary reactions 


Two approaches, namely, dynamic and statistical, are used for the calculation 
of cross sections and probabilities of elementary reactions. The dynamic 
approach is the solution of equations of motion for an isolated system of 
colliding particles with the specified initial state (methods of classical trajectories 
and semiclassical approximation) The explicit consideration of the rather 
complicated dynamics of the system can be avoided in the statistical approach 
due to the stochastic character of the nuclear motion during collisions (statistical 
theories of unimolecular reactions and bimolecular reactions occurred through a 
long-lived complex) or due to the high degree of averaging of the calculated 
characteristics of the elementary process (transition state theory). However, an 
information on the potential energy surface is needed to this or other extent in all 
methods. 


2.2.1. Methods for calculation of the potential energy surface (PES) 


In the framework of the electronically adiabatic approximation, the 
calculation of PES is reduced to the solution of the eigenvalue problem for the 
Schroódinger equation. The exact solution of this problem meets great 
computational difficulties. Therefore, to obtain an information about the PES, 
experimental data are used along with theoretical approaches. Depending on 
sources of the information used, the methods for the determination of the PES 
are grouped as follows: nonempirical, semiempirical, and empirical. Let us 
consider each group. 


Nonempirical methods for the calculation of PES are purely theoretical. The 
starting information is only data on the composition of the considered system 
(the number and charges of particles), which allows us to name nonempirical 
calculations ab initio because only first principles are operated in them. 


The variation principle in which the minimum of the functional is desired is 
usually used 


U- f Hodr (2.51) 


where H, is the electronic Hamiltonian, dt is the volume element in the 
electronic coordinates, and 9 is the trial wave function normalized to unity. 


It is clear that the minimum of the U value depends on the form of the probe 
function 9. 
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The most popular approximation, which allows to approach the solution of 
the problem, is the one-electron approach where electrons, according to the Pauli 
principle, are distributed over the system of levels in some effective potential of 
nuclei and electrons (in the self-consistent field, SCF). This distribution is named 
the electronic configuration. There are different variants of the one-electron 
approximation, and the range of their applicability depends on internuclear 
distances. The method of molecular orbitals (MO) is the most popular and highly 
developed method to present time. In this method, molecular orbitals are 
arranged as a linear combination (LC) of atomic orbitals (AO) from which the 
method is named MO LCAO. 


More accute nonempirical calculations are performed by the configuration 
interaction method (MO SCF CI). This method allows most correct taking into 
account the electron motion. 


In order to determine U( R ) in semiempirical calculations, authors often 


use experimental data, for example, about the behavior of U( R ) in asymptotic 
regions corresponding to separated fragments of the system. The accuracy loss 


due to the use of the model function ọ( F , R ) is partially compensated, in this 
case, by using experiment. Another advantage of these methods is a substantially 
less labor-consuming character of calculations compared to nonempirical 
methods. Recently, a possibility of the exact division of the Hamiltonian of the 
N-atomic system is used in the method of diatomic fragments in molecules. 


N N No 
H-Y V. H9 -(N-2y Heo (2.52) 
K L>K K 


where LH? and H® are the Hamiltonians of isolated diatomic and atomic 
fragments. 


This division makes it possible to choose the basis set of polyatomic 
functions Ọm in such a way that Ọm are the eigenfunctions the H operator in he 


asymptotic regions of the R vatues and simultaneously the eigenfunctions of 
the H*) and H9 operators already in the whole region of the R values. The 


asymptotic region implies the region of the R values where the system exists 
as noninteracting diatomic and atomic fragments. For example, when the system 
consists of three A, B, and C atoms, in the asymptotic regions the system exists 
in the forms A and BC, B+ AC, C + AB, A- B4 C. 
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Empirical methods for calculation of PES are reduced to the specification 
of the functional form of the PES and determination of the corresponding 
parameters from spectroscopic, kinetic, and other experiments. Empirical 
methods are based on a set of model potentials. The elements of this set are 
potentials of diatomic fragments. Among the most popular potentials are the 
Lennard-Jones, Buckingham, Morse, and anti-Morse potentials. We present the 
Buckingham potential as an example 


U(R)- -£+ Besp(-CR) 


where A, B, and C are empirical parameters. 


The first term is the attraction energy due to dispersion forces, and the second 
term is the repulsion energy related to the deformation of electron clouds of 
colliding particles. 


The "flexibility" of the approximation is an important requirement imposed 
during dynamic calculations to empirical PES. 


2.2.2. Method of classical trajectories 


The method of classical trajectories has first received wide acceptance for 
studying the dynamics of electronically adiabatic elementary reactions. In the 
framework of this method, the dynamics of particles involved in elementary 
processes is studied by the solution of classical equations of motion (for 
example, the Hamilton equations). For the generalized coordinates R; (Ry, Ra, ..., 
R,) and momenta P; (P;, P», ..., Ps), the Hamilton equations have the from 


dR,/ dt  OH/ ô P5 dP;/ dt = OHOR; (2.53) 


where H is the Hamilton function of the system from which the parts 
corresponding to the motions of the center of mass and rotation of the molecule 
as a whole are excluded. 


This Hamilton function has the following form: 
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s PP 
H- > UE UR, R) (2.54) 
kil 2 


Equations (2.53) are solved after the R; and P; values were specified at the initial 
moment. The solution gives R;(t) and P(t), which describe the state of the system 
at any moment. 


The method of classical trajectories provides a very clear picture of 
elementary processes. The totality of the R; coordinates is named the 
configuration space of the system and the totality of the R; coordinates and P; 
pulses is named the phase space. 


At any moment the state of the system is described by a point in the phase 
space. This point is named the representative point. The totality of coordinates of 
the representative point gives the trajectory in the configuration or phase space, 
which, under certain initial conditions, parametrically specifies the behavior of 
the system in time. Knowing the trajectory of the system in the configuration 
space, we can go to the trajectory of motion over the potential energy surface. 


The probability of branching of the elementary process to the « channel (Pa) 
depends on many initial conditions, including the relative velocity v, quantum 
States of reactants a, quantum states of products a', and impact parameter b. For 
the random choice of the initial conditions, taking into account the corresponding 
distribution functions, it is expressed by a rather simple formula 


P,- lim («/» (2.55) 


N> 


where N is the total number of calculated trajectories, and N, is the number of 
trajectories resulting in the reaction products in the channel a. 


However, in real cases, the finite number of trajectories is calculated. 


The multiple numerical integration of system (2.55) on a computer for 
various initial conditions gives the dependence of P, on the initial parameters, 
and the cross section and microscopic rate constants are found from formulae 
(2.8) and (2.21). 


For model PES, the dynamic problem was solved in the framework of both 
the classical and quantum approaches. A comparison of these calculations shows 
that the calculated averaged rate constants of chemical reactions usually agree 
satisfactorily. However, we have to keep in mind that there are classically 
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forbidden processes, such as tunneling and above-barrier reflection. These 
processes are most substantial for light particles or at low temperatures. 
Theoretical analysis in recent years showed that the description of quantum 
effects can be combined, in several cases, with classical methods. 


2.2.3. Methods of semiclassical approximation 


In these methods, all degrees of freedom of nuclei are divided into two 
groups, which we designate as R and Q. The degrees of freedom R are referred to 
the slow motions, and we will consider them as classical. The degrees of 
freedom Q correspond to the fast motions and will be considered quantum. The 
total Hamiltonian of the system is presented in the form 


H= Hr + Ho + U [Q, R (0] (2.56) 


where H is the Hamilton function of classical degrees of freedom, Họ is the 
Hamilton function of quantum degrees of freedom, and U [Q, R (d] is the 
potential of interaction between the quantum and classical subsystems. 


The classical trajectories R(t) are determined by equations of motion (2.53) 
for the effective Hamilton function Hog ^ Ho + Ue in which Ugg is the U value 
averaged over Q for the specified state of the quantum subsystem. 


The nonstationary Schródinger equation should be solved for the description 
of transition between states of the subsystem Q 


A «(Q.D / 0t ^ H x(Q.D (2.57) 


where 


H = H9 + U[Q. R (0] 


The wave function x(Q,f) is searched for as the expansion over the 
eigenfunctions 9, of the Hamiltonian Hg. This expansion has the form 
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XQ.5 = > an (f) 9, exp(-2niE, / h) (2.58) 
A 


where £, are the eigenvalues of the Hamiltonian Ap. 


Inserting expression (2.58) into the Shródinger equation (2.57), we obtain the 
system of coupled differential equations for finding the expansion coefficients 
aat) 


(ih /2n) d, = 2: Antin (1) exp[-22i(E, - En) t / h] (2.59) 
m 


where umn is the matrix element of interaction 


Uml = [PnU UtQ.ROle, dO (2.60) 


If the matrix elements umn are sufficiently small, the coefficients a,(4) can be 
found in the first order of the perturbation theory. If the system primarily (before 
the collision) existed in the m-th state and the initial time moment is referred to 7 
—-o, the initial conditions have the form 

Lln2m 


a,(t >-0)= l (2.61) 


Onzm 


The solution of system (2.61) under these initial conditions, in the framework of 
the first-order perturbation theory, gives the following expression for a(t): 


t 
a, (t)=2n [ [ unm(t) / ihjexp[2ni / h) E, - E») idt (2.62) 


—00 
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Fig. 2.10. Reaction profiles of the electronically nonadiabatic reaction (U, and U, are 
different potential curves): /--/, adiabatic path; and /--2, nonadiabatic path. 


If we believe that the collision covers the time interval from --oo to +00, then 
the probability of the existence of the system in the n-th state after the collision is 
the following: 


2 
Un (t 2ni 
PaaS mee [Pant nm Han exp] 2 MEE. -E) d (2.63) 


This method can be applied to electronically nonadiabatic processes if in 
some region of nuclear configuration space the surfaces are strongly brought 
together. The method of "jumps" between potential energy surfaces is usually 
used for the description of these processe. 


The picture of the dynamics of the nonadiabatic process in the framework of 
this approach is illustrated in Fig. 2.10. The representative point moves along the 
trajectory R\(t) over the surface U, until it reaches the surface Uz. During the 
further motion the trajectory is branched. There is the probability Pi; that the 
representative point jumps on the surface U, and further moves on this surface 
along the trajectory R(t). The representative point remains on the surface U, and 
continues to move on it with the probability 1 — P;;. The probabilities of the 
jump can be calculated in the framework of the semiclassical approximation if 
we consider that electrons compose the quantum subsystem (the coordinates Q 
are replaced by the coordinates of electrons r) and nuclei compose the classical 
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subsystem. Then the H Hamiltonian implies the electronic Hamiltonian 7, and 
the function X(Q.?) is the electronic wave function g(r, t). 


Let us consider the following model as an example. Let adiabatic terms 1 and 
2 in the region of their approaching have the shapes of hyperbolas (Fig. 2.10). 
Represent the asymptotes of these hyperbolas in the form U; = -F;(R — R,) and 
Uz = -FAR — R), where F, and F, are slopes of hyperbolas in the point of their 
intersection. Designate the minimum distance between U; and U; as 2U,,. Let us 
assume that the trajectory R(f) can be presented in the form 


RQ=R.+V Lt 


where v |. is the component of the relative velocity of nuclear motion normal to 
the line of intersection of surfaces. 


For this model, Landau and Ziner calculated the probability of the 
nonadiabatic transition 


Pi; = exp[-2n|U 2 (Rf / hv 1 |F, — Fal] Q.64) 


This formula immediately demonstrates the qualitative result: the lower the 
velocity v |. and the larger the distance between the adiabatic surfaces of the 
potential energy U, and U2, the lower the probability of the jump. 


2.2.4. Method of activated complex 


The method of activated complex (AC) (it is also often called the transition 
state theory) is applied for the calculation of rate constants of equilibrium 
adiabatic direct reactions, whose reaction profile has the shape shown in Fig. 2.8, 
a. This method is based on the high degree of averaging of the calculated 
characteristics of reactions, which makes it possible to calculate the rate 
constants without the consideration of the collision dynamics. This method was 
proposed by Eyring, Wigner, Peltzer, Evans, and Polanyi in the thirties and 
developed in later works. 


The theory is based on the fact that the bimolecular or unimolecular reaction 
occurs through an intermediate state, which is named the activated complex. For 
example, A + B — AB“ — C + D, where A“ is the activated complex. Unlike 
long-lived intermediate complexes, the activated complex has the short lifetime 
and decomposes only in the direction of products. 
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When the reaction is considered by the method of classical trajectories, the 
system is described by equation (2.55) where the Hamilton function is specified 
by expression (2.56). Then the reaction can be considered as the motion of the 
representative point in the phase space T. 


Let us divide the phase space Ri, P, into two subspaces by some critical 
surface S^. The first subspace corresponds to the reactants, and the second 
subspace corresponds to the reaction products. Determine the reaction 
coordination R, = q; in such a way that it is perpendicular to the critical surface 
S". The q, value on the S* surface that characterizes the configuration of the 
activated complex will be designated as q," It is assumed that the reaction has 
occurred if the representative point had crossed the critical surface in the 
direction of the reaction products. Then the reaction rate is determined as a flow 
of representative points along g, through S* in the direction of the products. 


Introduce the dimensionless phase volume 


a = ah al quy died 
h h h 


which characterizes the number of quantum states of the system. Let the 
distribution of representative points over these states is specified by the AR, Pj) 
function. Then the number of representative points (particles) in the phase 
volume d" is determined as 


dN = APR) dF (2.65) 


and in the whole phase volume as 
F- [ APR) dr (2.66) 


The F value is named the statistical integral. 


The reaction rate in the elementary volume of the phase space is equal to the 
rate of changing the number of representative points 


aN -pp Ri) dh eR) dr* d aP, (2.67) 
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where dI" = ye is the elementary phase volume on the S* surface, i.e., 


the elementary phase volume of the activated complex. 


In order to obtain the full rate W, we have to integrate equation (2.67) over 
the whole S* surface and over all rates with which it is intersected. The rate 
constant of the elementary reaction is determined as the rate of this reaction 
referred to unit concentrations. Therefore, the W rate should be divided by the 
statistical integral F. As a result, we obtain 





dT ^v dq, 
AK T m dP, 2.68 
lax ] l fP;R) dr* di (2.68) 


It is assumed in the activated complex method that AR, P;) is equilibrium both in 
the region of reactants and on the S^ surface. Then the distribution function has 
the form 


KR) = expUAP;R) / kaT] (2.69) 


The integral in (2.70) is taken with respect to the phase volume dT* on the S* 
surface. Therefore, when inserting AR; P;) into (2.68), the Hamilton function in 
expression (2.69) should also be taken for the S* surface. 


The second assumption of the theory is that the Hamilton function of the 
system on the 5^ surface can be presented in the form 


H\s*= H + Esma Eo (2.70) 


where H” is the Hamilton function of the activated complex, which depends on 
all coordinates of the phase space except for q, and P,; and Ep) is the difference 
of minimal energies on 5" and in the space of reactants. 


When inserting expressions (2.68) and (2.69) into (2.70) and integrating with 
respect to E,z (dE, us; = q,dP,), we have for the rate constant of the elementary 
reaction 
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T F* 
k=} F expl-Eo/ Rs] (2.71) 
where 
F= f exp[-H"/ ksT] dr* (2.72) 
I* 


is the statistical integral for the activated complex. 


Expression (2.73) for the rate constant is valid for both uni- and bimolecular 
reactions. In the case of the bimolecular reaction A + B — C + D, the statistical 
integral F is divided into the product of statistical integrals for each molecule, 
ie., 


F- F4F (2.73) 


Deriving formula (2.73), we assumed that all trajectories crossing S^ leads to the 
reaction products only. In fact, representative points can return into the subspace 
of the reactants. In order to take into account this possibility, the so-called 
transmission factor x is introduced into the formula for the rate constant 





kT F* 
Ka=« h F af- A F | (2.74) 


B 


The introduction of the transmission factor also takes into account quantum 
effects. For example, taking into account the above-barrier reflection leads to K < 
1, and the tunneling effect, by contrast, can result in K> 1. 


Difficulties associated with the choice of the critical surface can appear when 
the AC theory is used for processes with a low potential barrier. The variational 
approach was proposed to overcome these difficulties: a search for the minimum 
of the rate constant varying the position of the critical surface, namely, the që 
value. This consideration showed that the activated complex was localized at the 
maximum of the Gibbs energy. 


The quantum-mechanical variant of the activated complex theory was also 
considered. The expression for the rate constant retains the form (2.76) but F 
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and F here apply the corresponding quantum partition functions and Ey is the 
difference including zero-point vibrational energies and ground ground state of 
the activated complex and reactants (see Fig. 2.7). 


Let us give the thermodynamic interpretation of the rate constant in the 
framework of the activated complex theory. The direct bimolecular reaction 
occurs. If the C and D products are rapidly removed from the system to prevent 
reverse reaction involving them, then reaction 1 can be presented in the form 


A+B <= [AB]/5 C-* D 


The reactants A and B and activated complexes [AB]" are at equilibrium and 
the C and D products that formed have no effect on the equilibrium 
concentration of the activated [AB]" complexes. This is the main assumption of 
the activated complex theory, which was manifested above in the choice of the 
equilibrium distribution function independent of the reaction products. The 
equilibrium constant K” between the reactants and activated complexes can be 
expressed through the corresponding partition functions (see Table 2.1) 


K* = (Ff | F4Fg)exp(-Eo / kgT) (2.75) 
Using (2.77), expression (2.76) can be presented in the form 
k = K(kaT / h) K* (2.76) 


Using formula (2.43) for K*, we can write 


k=« k,T exp(AG* / kgT) (2.77) 


h 


where AG* is the difference of the Gibbs energies of the reactants and activated 
complex under standard conditions. 





At a constant temperature the AG^ is expressed through the standard changes 
in the enthalpy AH” and entropy AS* 


AG* = AH - TAS’ (2.78) 
From (2.80) we obtain the expression for the reaction rate constant through 
the thermodynamic values 
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— kT |. | AS* AH* 
k= x exp a er | (2.79) 


The relationship between the activation energy E and AH” is given by the 
expression 


AHÍ = E xr- XxRT, x = 1 - Ar 


where An’ is the change in the number of moles for the formation of 1 mole of 
the activated complexes. 


Reference books usually give thermodynamic values at the standard state of 
reactants corresponding to 1 mole of the gas at a pressure of 1 atm (designated as 
AS^). Therefore, the rate constant calculated by formula (2.81) has the 
dimensionality atm/s for bimolecular reactions. The rate constant with the 
dimensionality cm?/(mol s) for bimolecular reactions and s' for unimolecular 
reactions has the form 


AS? E 
k= AT eo R Jo RT | (2.80) 


where R is the gas constant. 








For unimolecular reactions x = 1, and for bimolecular reactions x = 2. 


2.2.5. Statistical theory of bimolecular reactions 


The statistical theory can be applied to the calculation of rate constants of 
bimolecular reactions that occur through a long-lived complex. Probable reaction 
profiles of such reactions are shown in Fig. 2.8. 


Let us consider the reaction 


A+Be— AB*—-C-«D 


where the intermediate excited molecules AB* are named the active molecules 
or the long-lived intermediate complexes. 
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Fig. 2.11. Energy diagram of the bimolecular reaction occurred through the long-lived 
complex. 


The statistical theory of bimolecular reactions is based on two assumptions: 


(1) the formation of active AB* molecules and their decomposition are 
considered independent; 


(2) the rate constants of AB* decomposition can be calculated in the 
framework of the statistical theory of unimolecular reactions. 


The latter assumption makes it possible to understand the term "long-lived 
complex." The lifetime of the AB* molecule before its decomposition should 
have such a value that the energy released at the step of AB* formation had time 
to be statistically redistributed over all internal degrees of freedom of the AB* 
molecule. 


Figure 2.11 exemplifies the energy diagram for reaction 1. At the first step 
the AB* molecule is formed, which, according to the energy conservation law, 
has the energy AU, + E,. It consists of two parts: the first part is the rotational 
energy of the AB* molecule, which depends on J (designate this part of the 
energy £j); the second part is the energy on the internal degrees of freedom of the 
AB* molecule. Designate this energy through s. 


The AB* molecules can be characterized as active AB*(e, J) molecules (see 
2.1.5) with different values of ¢ and J. 


They are formed in the thermal association reaction 
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ka 
a) A+B ——*—— AB*(s, J) 


The first statement of the statistical theory on the independent character of the 
steps of AB*( £, J) formation and decomposition allow us to present the further 
reactions as microscopic reactions 


k (e) 
ko(EJ) 


A+B 





b) AB*(e, J) 


c) AB*(e, J) C+D 





Let us present the rate of formation of the C and D products as k,(T)[A}[B]. 
The statistical theory relates k,(T) to k,(T) and microscopic decomposition rate 
constants k,(e, T)[ and k(e, T)[, which can be calculated using the statistical 
theory. 


For polyatomic molecules, in the calculation of decomposition rate constant, 
their dependence on the quantum number J can often be neglected. This 
approximation is possible because polyatomic molecules have very many 
vibrational degrees of freedom. In the framework of this approximation, the 
thermal rate constant of reaction 1 can be expressed as follows: 


e oo T k (£) 
k(T)=k 0) J Rene) 


f(s)ds, (2.81) 
where fle) is the normalized distribution function of the AB*( €) molecules over 
the £ energy. 


In order to obtain the expression for f(z), let us consider the situation where 
only reactions a and b occur at equilibrium. Then the decomposition rate of the 
AB*( £) molecules within the energy interval from e to e + € in the direction o is 
the following: 


W, = keys) de[AB] (2.82) 


It follows from the principle of detailed balancing that this rate is equal to the 
rate of formation of the AB*(e) molecules in reaction a, i.e., 
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W,- kAeyf(e) de[ AB] (2.83) 


The overall rate W of reaction a is the following: 


oo 
W,= f KLAO de (2.84) 


Eg 


When accepted that f(s) is equal to the W,(s)/Wa ratio, then we have 


f(&) - k(e)f,()/ | k,(e)f,(e)ds. (2.85) 


AU, 


If the first step a occurs with an energy barrier, the k,(T) can be calculated by 
the activated complex theory. If step a occurs without a barrier (for example, 
radical recombination), then ka has the value close to Zy, which can be estimated 
taking into account dispersion forces of interaction. 


A possibility of the deactivation of AB*( €) was ignored in the considered 
kinetic scheme. Therefore, in the general scheme, the deactivation process 
similar to process 1 in Section 2.1.5. should be added to the kinetic scheme 
consisting of reactions a--c 


d) AB*(e) +M — AB +M 


The rate constant of process d is often accepted according to formula (2.32): kg = 
ZoP, where P is the efficiency of the collision. Then reaction 1 can be presented 
in the form 


1)A+B £—23 AB*—-C-«D, 


M 


2)A+B £—23 AB* —M ., AB 


This scheme contains two channels of the formation of products: C + D and AB. 
If k,(Z) is the rate constant of the formation of the C and D products and (T) is 
the rate constant of AB product formation, then we can write the following 
expressions for these rate constants: 
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T k.() 


k(D-k(O | fe) ———" de 089 
] "KG GIN] 
"m ke) 
His J ke, (S) EM] “ PS) 
0 


At high pressures when k,(T) >> k,(T) and K,(T), it follows from formula (2.88) 
that (T) = k,(T). 


2.2.6. Statistical theory of unimolecular reactions 


In Section 2.2.4 we obtained expression (2.76) for the rate constant on the 
basis of the activated complex method. This expression is applicable for the 
calculation of equilibrium rate constants of unimolecular reactions, in particular, 
ko(T) under the conditions when the temperature of reactants is constant (T = 
const). 


Then consider the microscopic reaction 


A*(s, J) — A* — Products. 


The statistical theory makes it possible to calculate the microscopic rate 
constant k(s, J) of this reaction. The main assumption of the statistical theory is 
that the energy on the internal degrees of freedom in the active molecule and 
activated complex is statistically redistributed. This assumption is fulfilled rather 
well for vibrations and internal rotations. As for the rotational energy of the 
molecule as a whole (active molecule, activated complex), this energy only 
partially can exchange with the energy of internal degrees of freedom. This is 
related to the necessity of fulfillment of the law of conservation of the angular 
momentum J. Let us return to the rotational energy somewhat later and now we 
assume that the A* and A” molecules do not rotate. Then the dependence of the 
microscopic rate constant on J disappears and it can be written as k(é). 


For the calculation of k(s) we apply the microscopic activated complex 
theory, which considers probabilities of the existence of a system with the energy 
between ¢ and € + de in the phase space of the reactants I and on the critical 
surface S“. In this case, we should obtain a formula similar to (2.70). The latter 
consists of three cofactors: 1/F, [dEtens, and ff(P;qi)dT^. For the microcanonical 
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consideration, the whole phase volume is restricted by the hypersurfaces H= € 
and H+ dH = g + de. Then the following microcanonical analogs should be 
placed into formula (2.70): 


| APRI T =p) [ APLR) dr* = pe") 
T I* 


After the insertion of these analogs into (2.70), we have 


ke) =f p(s^)dEssa / h ple) 


If taking into account that £” = & — Ep and J p(c^) d e"= W(e) is the number of 
quantum states of the activated complex with the energy £", we obtain 


Ks) = W(s - Ep) / h ple) (2.88) 


Now let us analyze what contribution to the k(e) is made by rotations of the 
A* molecule and A" as a whole. With this purpose, both the A* and A* 
molecules are simulated by a noninteracting two-dimensional rotator and a one- 
dimensional rotator with the maximum rotational constant. The one-dimensional 
rotator corresponds to the rotation about the cleaved bond. In this consideration, 
the one-dimensional rotator is included into the system of internal free rotations, 
and the angular moment J is ascribed to the two-dimensional rotator. Thus, the 
rotation of a molecule as a whole increases the number of internal degrees of 
freedom. Let us understand e as the energy of internal degrees of freedom of the 
AB* molecule taking into account one degree of freedom from the rotation of the 
molecule as a whole. Designate the energy of the two-dimensional rotator sj for 
the active molecule and e; for the activated complex. The energy diagram is 
shown in the right part in Fig. 2.11. 


The law of conservation of energy requires the equality to obey 


e+e =+ E+ E7 (2.89) 


On going from the active molecule to the activated complex, the quantum 
number J remains unchanged, and the moments of inertia change. This results in 
the situation when the difference of the energies Ag = s; -- £/' is released on the 
internal degrees of freedom of the activated complex, and Ag depends on J. 
Taking into account this fact results ine” = e + Ag (J)-- Es depends on J. If the 
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L factor, which takes into account equivalent routes of activated complex 
decomposition, is added, formula (2.88) can be rewritten in the form 


W[g-*Ae;—E.] 


Me Je — 0 L (2.90) 
pte) 


Thus, the problem is reduced to the calculation of the numbers and densities 
of quantum states, which can be referred to internal degrees of freedom. These 
degrees of freedom are sometimes named active unlike two degrees of freedom 
directly related to the conservation of the angular moment, which are named 
adiabatic. 


The methods for the calculation of k(e, J) are related to the RRKM theory 
(abbreviation of the first letters of surnames of scientists who developed the 
theory: Rice, Ramsperger, Kassel, Marcus). 


In the framework of this theory, it is assumed for the calculation of We + Ag; 
(J)-- Es) and p(e) that the active molecule A* and activated complex A“ is 
presented as a system of noninteracting between each other S(S*) oscillators and 
r(r^) free internal rotators. 


Due to the quantization of levels, the W(e + Ag (J)-- Es) and p(s) functions 
are discontinuous. Smooth approximations of these functions, which can be 
found in recommended literature, are used for practical calculations. These 
formulae are rather cumbersome and, hence, are not presented in this 
consideration. 


The macroscopic rate constant of monomolecular reactions can be calculated 
if k(e, J) and the distribution function f(e, J) are known. So, the rate constant of 
unimolecular reactions k, in the limit of high concentrations [M] can be 
calculated by formula (2.36) if the distribution function f;(&,J) is accepted in the 
form 


s = kT) (tr; a j/ pT) 


vib rot 


e 





and the energy of two-dimensional adiabatic rotators s; and sj" is taken into 
account. 


Note that after the calculations the expression for ke (T) should coincide with 
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expression (2.71) from the transition state theory. 


The considered approach is applicable to unimolecular reactions with a 
potential barrier (the reaction profiles of these reactions are presented in Fig. 
2.9). If the barrier is absent (the reaction profile is shown in Fig. 2.9, a), the 
potential energy surface does not allow us to determine either the position or the 
structure of the activated complex. 


In this case, the so-called statistical theory of adiabatic channels is used. In 
this theory, the vibration-rotational energy levels ¢,’ corresponding to the certain 
J are calculated at each specified value of the reaction coordinate g,. The 
examples of such potential curves are shown in Fig. 4.12, where W(e + ^e; (J)-- 
Es) is identified with the total number of such potential curves along which with 
the specified total energy E, = € + gj one can get into the region of 
decomposition products. 





Fig. 2.12. Potential curves of adiabatic channels with different values of the angular 
momentum J. 


In Fig. 2.12 two potential curves ¢,'(q,) and ;'(q;) satisfy this condition. In 
addition, it is seen in Fig. 2.12 that the potential curves ¢,’(q,) can have maxima 
corresponding to different activated complexes. In order to introduce the single 
activated complex, the variational principle is used: at each q, value the number 
of quantum states We + Ae; (J)-- Es) is calculated. 
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The value q, = q,” at which this value is minimum corresponds to the activated 
complex. 


Thus, the rate constant for this type of unimolecular reactions is also 
expressed by formula (2.90), and only approaches to calculation change. 
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Chapter 3 


Methods for Studying Elementary Reactions 


The greatest difficulties appear in studying elementary processes if reactants are 
atoms, radicals, and rotationally, vibrationally, or electronically excited molecules. 
Such species very rapidly react with others and, hence, their lifetimes are short. Short- 
lived reactive species are conventionally named active species. 


Any experimental equipment for studying elementary processes involving active 
species includes methods of their generation and detection. However, the methods for 
detection and generation of species are determined by conditions under which ele- 
mentary processes are studied. The choice of these conditions depends on the pres- 
sure and temperature region in which the elementary process occurs, the type of the 
studied elementary process, and the level of microscopicity at which information can 
be obtained. Depending on these factors, experimental conditions turned out to be so 
specific that certain approaches based on special techniques had to be developed. So, 
an elementary process can be studied in shock tubes, crossed molecular beams, under 
flow conditions, and in static reactor with time-resolved spectroscopy. These 
approaches were standardized and called methods for studying elementary processes. 


3.1. Instrumental methods for experiments 


3.1.1. Supersonic jet and molecular beam 


Supersonic speeds of a moving gas found use for getting very low temperatures 
(x20 K) with the purpose for studying elementary photophysical and photochemical 
reactions and spectroscopy of intermediates. Spectroscopists meet experimental dif- 
ficulties in detection and identification of rotationally resolved spectra in studying 
both spectra of short-lived species and stable molecules. A great geometrical size of 
a molecule or a large molecular mass result in relatively small distances between rota- 
tional energy levels and, hence, spectral lines in the spectrum. Due to this, a "rich" 
(with many spectral lines per unit spectral interval) spectrum is observed, and it is dif- 
ficult to identify it. To obtain a less "rich" spectrum, we can use the fact that at a tem- 
perature decrease the population of higher rotational energy levels decreases, which 
results in a decrease in the intensity of the spectral lines related to transitions from 
these energy levels. At the same time, the intensity of other lines associated with tran- 
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sitions from low-lying rotational energy levels increases strongly due to an increase 
in the population of these levels. 


It is much easier to identify such a spectrum, rather "depleted" in lines and 
obtained by strong cooling. Cooling of molecules or radicals in a supersonic gas jet 
flowing through a nozzle occurs because the temperature of the gas and the velocity 
of its motion are related by the energy conservation law. For the adiabatic (without 
convection and removal of energy) flow of the ideal gas, the total gas energy referred 
to the unit gas mass C, T+V n2 = const is conserved, where C, is the specific heat 
capacity of the gas under a constant pressure, T is the gas temperature, and V is the 
gas velocity. 


If at first the gas was at rest in the volume in front of the nozzle, i.e., V, = 0, and 
the temperature of the gas was T, then the total energy of the unit gas mass will be 
related to the parameters of the initial state of the gas by the relation 


CpT+V?/2 = C,T, 


It follows from these relations that the gas is cooled with an increase in the veloc- 
ity, and vice versa, a decrease in the velocity results in its heating. The mechanism 
of the transition of the kinetic energy of the chaotic motion of gas molecules to the 
directed motion of the gas as a whole is related to the fact that molecules upon col- 
lision with the nozzle walls “are directed” along the nozzle axis. Thus, the compo- 
nent of motion of molecules along one coordinate increases and the components 
along other coordinates decrease. The nozzle thus forms the directed gas jet. From 
the nozzle the beam gets into the first preliminary chamber in which the pressure is 
10° Torr. To form the molecular beam in which collisions between particles are 
absent, the jet is collimated and then the beam gets into another chamber. Each cham - 
ber contains an autonomic pumping out of an excess gas. 


3.1.2. Crossed molecular beams 


The method makes it possible to obtain a less averaged information on elemen- 
tary processes. The main advantages of the method of crossed molecular beams com- 
pared to other methods is that it allows one to study individual collisions of two par- 
ticles, which have specified quantum states and also determined translational veloc- 
ities. This method is used for studying the dynamics of an elementary process involv- 
ing stable molecules in the ground and excited states, atoms and radicals, van der 
Waals dimers, and ions. 


The principal scheme of this method is presented in Fig. 3.1. As can be seen, two 
molecular beams are needed, which are crossed in a large chamber. To study indi- 
vidual collisions of two particles, the background pressure in the main chamber 
should be at least 10° Torr. The elementary process can occur only in the region of 
crossing molecular beams. Sources of molecular beams should contain a velocity 
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selector, which provides the variation of velocities in a great enough interval and 
minimal scatter over velocities in the beam. 


In recent time, molecular beams are formed passing the gas through a nozzle with 
a supersonic speed. From the nozzle the beam gets into the first preliminary cham - 
ber in which the pressure is 10? Torr. After collimating the beam gets into another 
chamber. Each chamber has an autonomic pumping out of an excess gas. 


Modern time-of-flight mass spectrometers, which can be rotated around the 
region of crossing of molecular beams, are used as detectors. Particles in definite 
quantum states are detected by laser methods. The method of laser-induced fluores- 
cence is used most frequently. 


In some experiments the beam of one particle passes through a collision cell filled 
with a rarefied gas. This technique is named the “beam-gas” technique. It does not 
allow one to determine angular and velocity distribution of the scattered particles but 
gives a pattern of the energy distribution in reaction products with the help of meth- 
ods of chemiluminescence or laser-induced fluorescence. 


3.1.3. Static and flow methods 


Two types of reactors, static and flow, can be distinguished. 

Reactants C (or C and B) and buffer gas M are loaded into a static reactor. The 
mixture is subjected to flash photolysis to form active species. Active species or reac- 
tion products are detected several time intervals after a photopulse. This approach to 
studying elementary reactions was proposed by Norrish and Porter, and this proce- 
dure in 1967 was awarded with the Nobel Prize. 


As a result of a short light pulse, the light is absorbed to form an excited species 
C(E) 
1)C+/n > C(£) 
The excited species C(E) either dissociates or participates in the bimolecular 
process of energy transfer or in the chemical reaction 
2)C(E) > A+L, 
3) C(E) + B(M) — C(E) + BM), 
4)C(E) * B > D+K. 
Thus, processes 2-4, i.e., processes involving excited species, can be studied in a 
static reactor. However, rather often photodissociation process 2 occurs very rapidly 


to form the active species A, which can be a radical or other excited species. In the 
case, the following elementary process is studied: 


5)A+B — Products. 
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Therefore, substance C serves for the creation of active species. Concentrations 
of active species A or C(E) or products of their reactions are detected by absorption 
or fluorescence spectroscopy. Most often active species are detected by a pulse tech- 
nique. To study the kinetics of short-lived species, the delay time between the pho- 
tolyzing and probe pulses is changed. 


Presently, studies of elementary processes in a static reactor gained a wide use 
because of the development of the pulse technique of the creation and detection of 
active species. With the development of the sensitivity and time resolution of laser 
spectroscopy methods, possibilities of studies in a static reactor were extended. 
These possibilities are described schematically in Table 3.1. 


Note that sometimes the modification of the method of static reactor is used when 
the slow flow of the gas is performed through the reactor and photolyzing pulses are 
repeated. In this modified method, the duration of the gas flow through the reactor is 
much longer than the duration of studying the reaction and, therefore, the reactor can 
still be considered static. The role of the slow jet corresponds to the creation of gas 
mixture without products to the time of the subsequent photolyzing pulse. 


Note one more important feature appeared with the development of the static 
reactor method. In the classical variant of the method, the whole gas mixture in the 
reactor was subjected to pulse photolysis, and a high energy of the photolyzing pulse 
was required. However, laser methods possess a spatial resolution, i.e., they allow the 
photolysis and detection of species in a local small volume. This provides the use of 
photopulses with a lower energy, i.e., the generation of active species under milder 
conditions. When spectroscopy with spatial resolution is used, we have to create con- 
ditions under which diffusion processes could be neglected. 


Table 3.1. Types of studied elementary processes using time-resolved laser 
Spectroscopy 


Time resolution Types of studied elementary processes 


Milli- and microsecond spectroscopy, 
10-3—10-7 s Reactions of radicals 


Nanosecond spectroscopy, 

10-8—10-10 s Inelastic energy transfer processes 
Instrumental methods for experiments 
hemical processes at microscopic level: 
photodissociation, energy 
distribution in products of elementary 
reactions, reactions of excited species 


Picosecond spectroscopy, Photodissociation processes, 
10-11—10-13 s intramolecular processes 


Femtosecond spectroscopy, Dynamics of intramolecular processes 
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In a flow reactor the reaction is studied in the continuous jet of gases consisting 
of reactants dilute with an inert gas (helium, argon, nitrogen, etc.). The flow method 
is used for studying equilibrium reactions of atoms and radicals, although it is recent- 
ly applied for studying processes involving excited species. 


An SHF discharge is usually used as a source of atoms A. Polyatomic radicals are 
usually generated by fast reactions of atoms with stable molecules C. With this pur- 
pose, reactant C is selected in such a way that in its excess all atoms A react very rap- 
idly to form a required radical ‘R: A + C & R-. Then we may consider that the flow 
of radicals R- moves to which the second reactant B is admixed. To study the reac- 
tion 


6) RHB > Products 


two methods can be used. If the reaction is studied in the zone of reactant mixing, the 
method is named diffusional. Another limiting case is the study of the reaction under 
conditions where the complete mixing of reactants took place. 


The diffusional method was proposed by M. Polanyi. The simplified method is 
the following. Active species from a narrow nozzle in a diffusional regime get into a 
reactor with reactant B and buffer gas M. If collisions with the reactor walls can be 
ignored, reaction 6 occurs in the spherical zone, and the distribution of the concen- 
trations of R: over the sphere radius obeys the equation 

4' IR], 2 dIR] . 
(m. mx. ha RI G.1) 


where D is the coefficient of diffusion of active species R in a mixture of gases B and M; ker 
= ks[B]. 


Taking into account the boundary condition [-R] = 0 at r ® ¥, the solution of (3.1) 


has the form 
ka | ORO? dr 
R= ——— EZ | ; (3.2) 
Dr D d 


When measured somehow the concentration [-R] in different points of the diffu- 
sional cloud, we can find k,e and, hence, the rate constant &,. 


Further several researchers developed this method as applied to the conditions of 
the fast gas flow. V.L. Talroze and A.M. Dodonov created the method of mass spec- 
trometric probing of the diffusion cloud in the flow along the axis of a cylindrical 
reactor where the flow velocity is maximum. In this case, the diffusion cloud is 
extended along the reactor axis. 
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Another modification of the diffusion method is the integral diffusion method 
developed by Yu.M. Gershenzon and B.F. Monin. In this method the cut of the noz- 
zle is located at the inlet to the cavity of an ESR spectrometer. The reaction is stud- 
ied directly in the zone of diffusional mixing of reactants. The ratio of the ESR sig- 
nals in the presence and absence of reactant B is measured. Since the ESR signal is 
proportional to the total number of active species in the diffusion cloud, the method 
is integral. 


In the jet method, for mixed reactants the concentration of active species R: due 
to reaction 6 decreases along the jet. This decrease, which is experimentally detect- 
ed by spectrometric methods, allows kę to be determined. Difficulties appeared in 
this method are associated with the decay of active species in collisions with the reac- 
tor surface, necessity to take into account longitudinal and transversal diffusion, and 
nonuniformity of the distribution of the flow velocity over the tube cross section. 
Experiments are usually performed under conditions where the distribution of the 
concentration of active species and the nonuniformity related to Poiseuille's flow can 
be neglected. 

Then the change in the concentration of active species is described by the equa- 
tion 
po gR, k+ XRJ-O (3.3) 


where U is the average flow velocity; x is the axis directed along the flow; x, is the rate con- 
stant of heterogeneous decay of radicals in the kinetic region referred to volume unit (egy = 
evd, where d is the diameter of the reactor, v is the thermal velocity of molecules, and e is the 
probability of decay of an active species within one collision with the reactor surface). 


Equation (3.3) has the following solution: 


[R]- (RLew- B x) (3.4) 


U | (4k,tk)D 
| Sear? (3.5) 


The desired rate constant ks can be calculated from the expression 


k, IBEUB+ DB )— k (3.6) 


where 


The b value is experimentally determined, and the k, value is found in special 
experiments ([B] = 0). 


In several cases, in studying elementary processes we can create conditions 
where longitudinal diffusion can be neglected. This is possible when the inequality 
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is fulfilled 
kat M )D/U ««1 (3.7) 


Then in expression (3.6) the diffusional term is neglected. 


3.1.4. Method of shock tubes 


Modern kinetic shock tubes are “wall-less” high-temperature reactors in which 
after passage of the shock wave within the time <10% s the gas jumpwise increases 
the pressure and temperature and remains at unchanged values of pressure and tem - 
perature for 107-10! s. An elementary reaction is studied in the shock wave. The 
walls of the shock tube have room temperature. The shock tube consists of low- and 
high-pressure sections separated by a ruptured diaphragm. Light gases He and H,, 
which generate most intense shock waves, are usually used as collision gases that fill 
the high-pressure section. 


The low-pressure section is filled with gases, which can serve as either reactants 
or for the generation of active species (photolysis, dissociation). These gases are usu- 
ally strongly diluted to fulfill isothermic conditions by non-reactive diluents (Ar, N}, 
etc.). After the diaphragm is ruptured, the compression wave is propagated with the 
supersonic speed over the gas mixture in the low-pressure section. To determine the 
density f, temperature T, and pressure p ? behind the incident shock wave, the sys- 
tem of equations of mass, momentum, and energy conservation from both sides of 
the shock wave front are used. Taking into account these conservation laws along 
with equations of state of the gas in front and behind the shock wave results in the 
following expressions: 


.YM-(q-V» 
yti 
QIM-Y* AQ- DM 2), 
M Q+? 
q*5M 
Qq-DM^2' 


2 H 


T,= 


T 


2 


where M, = n;/a, aj = AY RT,/\1 is the sound speed in the undisturbed gas; g = C,/C, is the 
ratio of heat capacities of tne mixture under study at constant pressure and volume; Pis ee and 
r, are the pressure, temperature, and density in front of the incident wave; v, is the velocity of 
the front of the shock wave. 


Dissociation of any molecules usually serves as a source of active species. 
Recently, an shock tube is used in combination with flash photolysis. Active species 
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are detected in time by absorption or emission spectroscopy. 


For a long time the method of shock waves is the main method for studying ele- 
mentary processes at high temperatures (higher than 1000 K). However, this method 
is presently applied for studying reactions at low temperatures. In this case, pulse 
photolysis and spectroscopic detection of active species are carried out in the rar- 
efaction wave. 


3.1.5. Method of laser-induced heating of gas mixture 


The most part of high-temperature studies of elementary processes was per- 
formed by the method of shock tubes. However, the method of heating of the gas 
mixture by laser radiation has recently appeared. 


The method is based on fast and energetically equilibrium heating of the gas mix- 
ture at cool walls of the reactor using laser radiation. Powerful lasers radiating in the 
IR region (CO, lasers) are usually used. Pulse CO, lasers in combination with a stat- 
ic reactor are used more frequently with these purposes, although works are known 
where continuous CO, lasers are used in combination with a flow-type reactor. 


The gas mixture in the reactor consists of the buffer gas M, reactants A (or A and 
B), and molecules C, which efficiently absorb laser radiation. The absorbed energy 
should be enough for equilibrium heating of the gas to a required temperature. Thé 
conditions should be provided under which vibrational-translational relaxation of 
excited species occurred more rapidly than the reaction of species A and B. When 
designating the characteristic time of the V-T relaxation of molecules C in collisions 
with M, A, and B through t, and the characteristic time of heat relaxation of the gas 
due to the collision with the reactor surface through t», the condition t; << t, must be 
fulfilled. Then in time t, the gas takes the equilibrium temperature 7, which depends 
on the distance r from the reactor axis. Molecules A and B undergo chemical trans- 
formations in the reactor. When designating the characteristic time of the chemical 
transformation of molecules A through t;, the condition t; «« t; should be fulfilled to 
perform the reactions under conditions close to isothermic. 


The kinetics of chemical transformation is usually detected by spectroscopic 
methods. 


Thus, essence of the method is that to study the reaction kinetics in time when 
processes of V-T relaxation are over and thermal relaxation has not yet taken place. 
The main difficulty is that the temperature of the gas in the reactor depends on time 
and also on the coordinate r. This implies that for kinetic studies one has to measure 
the profile 7(¢, r), and this is rather difficult. To prevent this difficulty, researchers try 
to use chemical (or physical) references when T(t, r) can be determined from some 
measurements (for example, by the rate of the reactant in the reaction with the well- 
known rate constant). 
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3.2. Methods of detection of active species 


Spectroscopic methods are most reliable. They are based on the interaction of 
light particles (photons and electrons) with molecular systems. Molecular spec- 
troscopy is divided into spectral regions depending on the energy of light species 
used. Chemistry mainly operates with vibrations of atoms and motion of valence 
electrons. Infrared, visible, and ultraviolet regions of electromagnetic radiation cor- 
responds to this type of motions in molecular systems. This range of the electro- 
magnetic field is named optical or simply the light. This is optical spectroscopy 
where the most considerable success was achieved related to the use of lasers for 
studying processes in gases. Therefore, here we present mainly methods of optical 
laser spectroscopy. 


In spectroscopic methods, the result of the interaction of the light with molecular 
systems is detected as a response function. It reflects either a change in any parame- 
ter of the acting light wave (amplitude, frequency, and direction of the wave, phase 
characteristics, polarization, propagation rate, etc.) or the appearance of a new prop- 
erty (for example, generation of radiation by molecules). The dependence of the 
response function on the light wave intensity determines the division into linear (a 
linear dependence) and nonlinear (a nonlinear dependence) spectroscopies. Here we 
present the methods of both linear laser spectroscopy (absorption and fluorescence 
spectroscopy; Raman spectroscopy) and some methods of nonlinear optical spec- 
troscopy (two-photon absorption, nonlinear scattering). The methods of femtosecond 
spectroscopy will be described elsewhere. 


3.2.1. Elementary processes involving a photon and a heavy particle 


Linear methods of laser spectroscopy are based on elementary processes of inter- 
action of one photon with the molecular system. Let the photon has the energy An (n 
is the photon frequency), and B(j) is the heavy particle in the quantum state j. Instead 
of indicating the frequency and velocity of the photon, we introduce the designation 
hn( k), where k is the wave vector related to the photon momentum p by the rela- 
tion p = hk. During the interaction with the photon, processes similar to processes 
1-3 for heavy particles occur. So, the Raleigh scattering is an analog of process 1 


4) hk) * B()) a hv ) *BC/) 
which occurs without changing the photon energy; Raman scattering with changing 
the photon energy is an analog of inelastic collision 

5) hv(k)+B(j) Oh v (K ) * Bü) 


When the photon is formed or disappears, these processes can be considered as 
analogs of 3. In this case, when the particle B(J) collides with the photon, both 
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induced (stimulated by the presence of identical photons) absorption 
6) hv(&)- BC) 2 BO 


and induced radiation 
7) AV(K)+ E.) Bar) *2hv(K) 


can occur. In process 4, the internal energy of particle B increases (E; > Ej), and in 
induced radiation 5 the internal energy of particle B decreases (E; < Ej). In addition 


to these processes, a process of spontaneous radiation is possible 
8) BY) ® B(m) + hn 


For induced radiation, the photon that formed has the same wave vector as the 
incident photon had. For spontaneous radiation, the wave vector of the photon 
formed can have any direction. 


3.2.2. Laser absorption spectroscopy (LAS) 


This method based on process 4 is most frequently used for kinetic measure- 
ments. In the simplest case, the dependence of the radiation intensity passed through 
the gas on the wavelength | of the incident light is measured. Quantitative measure- 
ments are based, as a rule, on the Lambert-Beer law 


IQ) = Lexp(-s{nj]x) (3.8) 


where 7, is the initial light intensity, [(1) is the light intensity after passage through the gas of 
detected molecules, [nj] is the concentration of analyzed molecules in the quantum state j, and 
8; is the spectral absorption cross section at the light wavelength 1. 

The value of the spectral absorption of the light a, is related to the spectral 
absorption cross section by the relation 


a, = a([nj - g/gini) 
where [n,] is the concentration of excited molecules in the quantum state 1; and g; and g; are 
the degeneracy coefficients of the corresponding levels. 


However, if [n] >> g/gjn,], this relation has the form 
a, = s[nj] 


In practice the [7;] value is often replaced by the overall concentration of mole- 
cules [n]. This implies that researchers are not interested in the quantum state of mol- 
ecules B because they are populated according to the Boltzmann distribution. 


In this method, the ratio of intensities of the incident (/,) and passed waves (1) is 
measured, and experimental data are presented through the following values: trans- 
mission [T = /(1/1,]; absorption (4 = 1 - 7), and absorbance D [D = In 410]. 
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Spectral absorption (transmission) lines are not monochromatic, due to which 
physical values characterizing transitions of the molecular system from one quantum 
state to another are also energetically diffused. Therefore, any spectral quantity F 
(absorption cross section, absorption coefficient, Einstein coefficients, and others) 
can be of three types: F, is the spectral value, F, is the maximum value correspon- 
ding to the frequency ny, and F = 6F,dn is the integral value for the spectral line. 
The integral and spectral values are related by the following relationship: 


Fn = G(n - nF 


The function G(n - nj) characterizes the profile of the spectral line. This function 
was normalized in such a way that óG(n - nj)dn = 1. 


There are different mechanisms of broadening of spectral lines. They can be dis- 
tinguished to uniform and nonuniform mechanisms. For uniform broadening, all par- 
ticles participating in absorption or radiation make the same contribution to the pro- 
file of the spectral line. These are broadenings associated with the finite lifetime of 
molecular systems. For nonuniform broadening, different regions of the spectral line 
are determined by different groups of particles. For example, the broadening due to 
the Doppler effect is nonuniform. In this case, the profile is the superposition of uni- 
form profiles of particles with different velocities. 


It is most reasonable to use continuous lasers in absorption spectroscopy. 
However, pulse lasers are also used because their use makes it possible to expand the 
spectral region of the light source. Lasers on dye solutions are used for studying in 
the near-UV and visible regions. Semiconductor diode lasers are widely applied for 
the IR. spectral region. There are nonlinear optical methods, which allow one to 
obtain the radiation with the difference (n; = n; - nj) and summary frequencies. If one 
of the lasers are tunable, the radiation frequency n; can be tuned in both UV and IR 
spectral regions. 


In order to increase the sensitivity of the absorption method. the frequency mod- 
ulation of the incident wave, an increase in the optical path by multiway cells, and 
accumulation procedures are used. 


3.2.3. Laser magnetic resonance (LMR) 


In the absorption method described above, the frequency of laser radiation was 
tuned in such a way to coincide with the center of the absorption line of the detected 
particle. If the frequency of laser radiation is unchanged and close to the frequency 
of the absorption line, to obtain resonance, one can tune the absorption line by the 
action of the electric or magnetic field on detected particles. The variant of absorp- 
tion spectroscopy with the electric field is named /aser Stark spectroscopy, and the 
variant using the magnetic field is called laser magnetic resonance. Laser Stark spec- 
troscopy can be applied for the detection of stable molecules. Such paramagnetic par- 
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ticles as atoms and radicals can conveniently be detected using laser magnetic reso- 
nance. 


The essence of the method is the following. The molecular level E, with the total 
angular momentum J is split in the external magnetic field B into 2J + 1 Zeeman 
components. The sublevel with the magnetic quantum number m (the projection of 
the total angular momentum to the direction of the magnetic field) is shifted from the 
energy level E, at the zero magnetic field according to the equation 


E = E,gm,Bm 
where m, is the Bohr magneton, B is the magnetic field intensity, and g is the Lande factor, 


which depends on the scheme of coupling of different angular momenta (electronic orbital 
angular momentum, electron spin, molecular rotation momentum, and nuclear spin). 


An increase or a decrease in the energy of the level depends on the sign of m. Due 
to splitting, the frequency w of the transition is tuned by the magnetic field from n, 
(B = 0) to n, which is determined by the expression 


n =n, + mi(g'm' + g"m")B/h 
where stroke and two strokes indicate the lowest and highest quantum states of the transition. 


According to technical realization, IR LMR in the IR spectral region of 5-10 mm 
and FIR LMR in the far IR spectral region at wavelengths shorter than 20 mm are 
distinguished. In the first case, absorption is caused by rotational-vibrational transi- 
tions. In FIR LMR absorption is due to rotational transitions. In this case, lasers on 
CHOH, HCOOH, NH4, CF4, and other molecules, whose optical pumping is per- 
formed by CO; lasers, are usually used. 


In order to increase the sensitivity, frequency modulation is used: the high-fre- 
quency magnetic field is applied on the sample simultaneously with the slowly 
changing magnetic field. If the constant magnetic field is 2000+3000 Oe, then the 
high-frequency magnetic field does not exceed 100 Oe. Modulation is performed at 
a frequency of 100 kHz. The second point increasing the sensitivity is the arrange- 
ment of the reactor inside the laser cavity. The sensitivity will increase due to an 
increase in the light intensity in the cavity (see 3.2.5). 


LMR is the development of the ESR method in gases. It turned out that the mod- 
ulation frequency of a series-produced ESR spectrometer is close to the optimal 
modulation frequency of an LMR spectrometer, which allowed Gershenzon to create 
a new class of combined ESR/LMR spectrometers. The scheme of such a spectrom- 
eter is shown in Fig. 3.1. A gas sample is placed simultaneously in the cavity of an 
ESR spectrometer and in the cavity of an IR laser. 


A disadvantage of the method is that the wavelength is not tuned smoothly. To 
increase the number of lines of laser generation at different wavelengths, gas mix- 
and oxygen atoms ('°O,, "o, and! %0,), are used as an active medium. 
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Fig. 3.1. Scheme of the combined ESR/LMR spectrometer technique: /, active 
laser medium (for example, CO2); 2, cavity of ESR spectrometer; 4, 
electromagnet; 5, mirror; 6, diffraction lattice; 7, detector of laser radi- 
ation; and 8, 9, klystron and SHF detector. 


First only continuous lasers were used in the LMR method but presently LMT 
spectrometers in the pulse variant with the microsecond time resolution are created. 
The high sensitivity of this variant of the method is achieved due to signal accumu- 
lation. The parameters of the LMR method are presented in Table 3.2. 


3.2.4. Intracavity laser spectroscopy (ICLS) 


The method is based on the influence of the studied substance on the parameters 
of laser radiation. The method is based on that the reactor with the gas is placed into 
the laser cavity with a broad amplification contour as it is shown in Fig. 3.2. The 
main thing is to select parameters of the active medium of the laser so that the ampli- 
fication of the light intensity in it would compensate losses on mirrors and would not 
compensate losses related to the studied absorption. These losses differ in frequency 
dependence. (The losses on mirrors are broad-band compared to narrow absorption 
lines of detected gas molecules.) 


For easier understanding of the main principles of the ICLS, let us use the model 
of a multimode laser described by the system of balance equations for the number of 
photons in each mode of the cavity M, and population inversion N. Let us assume 
for simplicity that the contour of the amplification line in the laser is uniformly 
broadened and the interaction of the modes and quantum noises are absent. 


dM,/dt = - bM, + BINM, - agcMg 
dN/dt = P - Nit - NSB, M, 
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Here q is the number of the mode; b are broad-band losses in the cavity, which 
are the same for all modes; a, is the absorption coefficient of the intracavity absorp- 
tion; P is the pumping power; t is the lifetime of the upper laser level; B, is the 
Einstein coefficient; c is the speed of light; and N is the total number of generating 
modes. 


First let us consider the case where the absorption coefficient is the same for all 
modes, B, = B, the narrow-band absorption is absent, i.e., a, = 0, the approximation 
t << l% is valid. In this case, stationary solutions of the equations written above have 
the following form: 


N, = b/B 
(Ma) = (h - DP&4B, 


Here P, = b/Bt is the threshold pumping power, and h = P/P,, is the increase of the pumping 
over the threshold. 


Now let us consider the case where the pumping power a, differs from zero only 
for one mode of the resonator q. In this case, the values of the threshold and popu- 
lation inversion are determined by modes with the lowest modes and, hence, have the 
same value as in the previous case. After switching-on pumping, if the a, value is not 
very high, generation appear on all modes. After stationary values of the inversion 
N, and intensity of the generation M, are achieved, the intensity in the mode q, 
decreases by the exponential law according to Eq. (1) in which the first two terms in 
the right part are mutually compensated 


M, = (M,)’exp[-a(w,)ct] 


It is assumed in the derivation of this formula that a decrease in the photon den- 
sity at the frequency w, has almost no effect on the concentration of active particles 
N and on the amplification coefficient at the same frequency. It can be shown that a 
change in the amplification coefficient at this frequency is proportional to exp(- 
2pg/Dwp), where g is the width of the uniform amplification line, and Dwp is the 
absorption linewidth of the analyzed substance. Therefore, we may conclude that the 
necessary condition for the case where the derived formula for the time evolution of 
the number of photons with the frequency w, is fulfilled can be formulated as fol- 
lows: 


Dwp << 2pg 


For gases Dwp is usually lower than 1 cm !, whereas 2pg for condensed active 
media lies in the interval from 10 to 10° cm'!. Thus, the ICLS method can success- 
fully be used for many active media, liquid organic dyes (380— 1000 nm), crystalline 
active media (1—3 mm). 


The number of photons in each mode of the cavity is proportional to the spectral 
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intensity /(w,). Therefore, we can write 
I (wo) = I,(w, )exp[-ao(w,)ct] 


This formula is valid if the whole cavity is filled with an absorbing substance. In 
many cases, only a part of the cavity is filled with the substance. When the cavity 
length is designated through L and | is the length of the absorbing layer, then the 
coefficient of cavity filling should be introduced into formula. Then we obtain the 
final formula 


q (wy) js L(w,Jexp[-ay(w (/ L)ct] 


The absorption coefficient a(w,) (w, is the frequency at which the substance 
under study absorbs) at which the generation intensity in the chosen mode decreases 
by e times is determined by the duration of the generation t, 


a, = Metg = l/Ler 


Thus, the intracavity spectrometer corresponds to the traditional absorption spec- 
trometer with a cell having the equivalent length 


ler Cty UL (3.9) 


It is seen from this formula that the sensitivity depends on the generation time of 
the laser. The ICLS spectrum is shown in Fig. 3.7. These spectra are processed in the 
same manner as in absorption laser spectroscopy, due to which the value y = 
a(W,)(1/L)ct is determined. 


When organic dyes are used as active media, it has experimentally been shown 
that the effective length is proportional to the generation time up to t, is equal to 0.1 
s. At long generation times of the laser, deviations from this law begin. When the rate 
of absorption by the sample is comparable with the rate of spontaneous radiation, an 
increase in the generation duration already gives no gain. From this condition we can 
estimate that the minimum value of the absorption coefficient, which can be meas- 
ured by this method, is 3-107! em ''. 


The theory shows that expressions (3.8) and (3.9) are fulfilled to times of 1 s. If 
we accept that the detected gas fills the whole laser resonator, at a time of laser gen- 
eration of 1 s the optical path length is 300 000 km. 


Note that the great length of the optical path can be realized at small geometrical 
sizes of the reaction vessel. At the same time, the brightness of the light source 
remains great, and spectrographs with a high spectral resolution can be applied. The 
sensitivity of the ICLS method to selective absorption is restricted by the presence of 
spontaneous noises. The theory and experiment show that the absorption coefficient 


s[n] can reach 107! sm”. 


Laser with the following active media satisfy the necessary conditions of ICLS: 
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3 2 1 3 e sides by E 
solutions of organic dyes; alka- 
E cuf cm LA} li-halide crystals with coloring 
centers; crystals of the Ti type; 


sapphire, etc. Lasers operating 
in both pulse and continuous 





4 modes are used. Lamp pump- 

ing, which provides a long gen- 

d eration time, is often used for 
the work in the pulse mode. 

Continuous generation of dye 

| 8 | lasers is performed using ionic 


argon and krypton lasers for 

Fig. 3.2. Scheme of the kinetic intracavity Pumping. The typical scheme 
laser spectroscopy technique: /, Ofthe technique is presented in 
active medium of the laser; 2, reac- Fig. 3.2. Most frequently the 
tor; 3, mirrors; 4, pulse lamps for ICLS method is applied for 
photolysis of a mixture and pumping studies in a static reactor in 
of the laser; 5, feeding source for combination with pulse photol- 
photolysis; 6, feeding source for the ysis. The characteristics of 
laser; 7, controlling unit; 8, unit for ICLS are given in Table 3.2. 
time delay between photolyzing and 
laser pulses; and 9, detector of the 3.2.5. Ring-Down spec- 


spectrum. troscopy 


We considered the effect of placing the reactor inside the cavity of multimode 
lasers (ICLS). Evidently, the sensitivity will increase also when the gas mixture 
under study is placed into the cavity of a laser. Let us consider the case of intracavi- 
ty spectroscopy for external passive cavities, which contain no active medium. Such 
passive cavities are, in fact, reactors with the corresponding edge mirrors. The use of 
an external cavity, which represents an improved modification of multiway cells, was 
developed when the technology of creation of mirrors with a high reflection coeffi- 
cient was improved. This new type of spectroscopy was named Ring-Down spec- 
troscopy. 


The method is the following. Let a light pulse is “injected” into a cavity. Let the 
reflection coefficients of two mirrors of the cavity are R; = 1 and R, = 1 - T, (the 
absorption in the mirrors is neglected). If the radiation power after the outlet from the 
passive cavity is designated as P,,, then the power inside the cavity is Pin = qPou, 
where q = UT. Atal << I (I is the length of the absorbing cell), the power absorbed 
at the frequency w, (DP(w,)) in the absorbing cell is the following: 


DP(w,) = ga(Wo))!Pout 
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If the absorbed energy can directly be measured by some method (for example, 
from fluorescence), the signal is by q times higher than that through the cell inside 
the cavity. At T; = 0.01, the amplification factor is 100 times. This position is valid 
until saturation effects are absent. The aforesaid can be understood in the following 
way. The photon in the cavity passes, on the average, q times between the cavity mir- 
rors before it exits from the cavity. Therefore, the photon has a q-fold higher proba- 
bility to be absorbed in the analyzed substance. This increase in the sensitivity can 
be realized also in external passive cavities. The amplification factor can be higher if 
mirrors of the cavity have a very low transmission. Recent success in the preparation 
of mirrors allows one to have mirrors with T = 10° and better. 


Evidently, the intensity outside the cavity decreases according to the law 
I(t) = Lexp (-t/t) 


where t is the lifetime of the photon in the cavity. The absorption signal in this 
method is determined by measuring the decay rate constant of the photon or the time 
of its decay according to the expression 


k= 1A = (T+ L + s(Dnlyt, 


to = Lic is the time of light propagation in the cavity with the length L, T are losses 
associated with the transmission coefficient through the outlet mirror, L are losses 
associated with the absorption and scattering on the mirrors; s(l) is the absorption 
cross section at the wavelength 1 by the studied sample with the concentration n and 
length 1, which is placed inside the passive cavity. Absorption per passage can be 
obtained from the measurement of the lifetime of the photon in the absence of the 
sample (t,) and in the presence of the studied sample (t) 


k=l, = (T + Lyt, 
s(I)nl = (k - &X, = (I/t - It, )t, 


Thus, measunng Z(t) (Fig. 3.8), one can find the t value and, hence, s(l). In this 
method, the signal/noise ratio is very low and, hence, lower changes in the radiation 
intensity can be measured. This method allows one to measure the absorption coef- 
ficients to 10” cnv’. It can successfully be applied to kinetic studies. 


3.2.6. Laser-induced fluorescence spectroscopy (LIF) 


In this method, the absorbed light energy is measured from fluorescence of 
detected species, which absorbed the light. The physics of the LIF method includes 
two types of processes of excitation of the detected species and processes involving 
the excited species. The first type of the process is realized for the irradiation of the 
gas mixture with the monochromatic light, most frequently in the visible or UV spec- 
tral regions. The light frequency n is selected in such a way that the detected particle 
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B(j) undergoes transition to the electronically excited state B(7) due to the process 
7)B() in > BY 


Let the duration of the pump light pulse is short and any processes involving B(j) 
and B(/) have no time to occur within the pulse action. Then some fraction b of the 
initial concentration of particles B(j) transits to the electronically excited state 


[B()] = b[BQ)] (3.10) 


where b is proportional to the photon cross section s and light intensity J,. 
Excited particles B(j) can participate in other processes 


8) BY) — B(f* hn 
9) B() +M > B() +M, 
10) B() — death 


Process 9 is the deactivation of B(/) due to collisions with other molecules M of 
the gas. Process 10 includes different nonradiative processes in which B(/) is trans- 
formed into either other species or B(j). The fluorescence intensity J, is detected, 
which is determined by the expression 


lalt) = Ckeb[ B()Jexp(-(ks + ko[M] + kio) 


where C is the coefficient characterizing the fraction of fluorescence detected by the equip- 
ment. 


This coefficient depends on the instrument. In practice it is often convenient to 
measure the fluorescence quantity integral in time 77 


R [4 a= CI, 091 BDI (3.11) 


where j = kg(kg + ky + Ko) is the quantum yield of fluorescence. 


As can be seen from (3.11), the fluorescence signal is proportional to both the 
concentration of radiating particles and the intensity of the irradiating light. 
However, with an increase in /, the dependence of 7? on J, becomes smoother. This 
is related to the fact that with an increase in the intensity of the irradiating light the 
real absorption decreases due to an increase in the rate of the process of induced irra- 
diation B(/) * hn — BG) + 2/m. 


It follows from formula (3.11) that the higher the quantum yield B(j) and the larg- 
er the cross section of photon absorption j, the more efficient the detection of the par- 
ticle B(j). The rate constants k and kg characterize the interactions of particle B with 
the light and, hence, are related to the Einstein coefficients: k ~ By, kg ~ Ai. They 
are given by the known expressions 


Ag 7 (8phn'/c)By (3.12) 
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By = QAp n Bhe (3.13) 
where m; is the transition moment. 


When deriving these formulas, averaging over all directions and two orthogonal 
polarizations was performed. 


There are two variants of LIF: using continuous and pulse lasers. The use of LIF 
with pulse lasers seems more promising because, first, in several problems a high 
time resolution is necessary, which can easier be achieved using pulse lasers; second; 
the spectral region covered by continuous lasers is much narrower than that of pulse 
lasers. This strongly restricts a set of particles, which can be detected. 


LIF is used most frequently in combination with the method of crossed molecu- 
lar beams or with flash photolysis in a static reactor. The latter combination is applied 
more frequently, which is related to the relative simplicity of such installations. The 
principal scheme of a variant of the combination of laser photolysis with the LIF 
method is shown in Fig. 3.3. Omitting details, the technique consists of the follow- 
ing main parts: a laser for photolysis 1, a system of lasers exciting fluorescence 2, a 
measuring cell 3, and a detection system 4. 


Lasers for LIF should correspond to the following main requirements: to have a 
possibility of tuning of the radiation line, to possess a narrow spectral width of the 
generation line, a short pulse duration, and a high spectral brightness. The repetition 
frequency of pulses should be rather high to perform the procedure of accumulation 
of fluorescence signals. 


Tuned dye lasers 
are used most fre- 
quently in the LIF 
method. Nd:IAG 
lasers, excimer and 
nitrogen lasers are 
applied as pumping 
lasers. The spectral 
range of generation of 
dye lasers is presently 
300-1200 nm. To 
extend this range over 
the UV region, differ- Fig 3.3. ^ Scheme of the combined technique: laser 





ent methods of nonlin- photolysis/laser-induced fluorescence: /, 
ear optics are used: laser for photolysis; 2, laser for excitation of 
generation of harmon- fluorescence; 3, measuring cell; 4, detection 
ics and summation of system of fluorescence; 5, mirror; 6, control- 
frequencies in nonlin- ling unit; 7, unit for time delay between puls- 


ear crystals. The char- es of lasers / and 2. 
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acteristics of this method are presented in Table 3.2. 


3.2.7. Raman light scattering (RLS) 


This method ís based on elementary process 4). Two schemes illustrating Raman 
scattering are shown in Fig. 3.4. The states with the energy E and E’ can be referred 
to vibrational, rotational, and electronic states. As is seen, the radiation appears at the 
frequency nx = [hn-(E - E*)y/h. If E" > E, the radiation occurs at the frequency ng < 
n; and named Stokes. If E’ < E, the radiation occurs at the frequency n, > n; and 
named anti-Stokes. 


In the presented scheme, the intermediate state E + An in the scattering process is 
considered as a virtual level. The real level can be higher or lower than the virtual 
level. In the case if the virtual level coincides with the real level, they speak about 
resonance Raman scattering. In the latter case, the radiation intensity increases 
sharply. 


The use of tuned lasers increases possibilities of the RLS method, however, the 
radiation intensity still remains much lower than the intensity of the exciting light. 
This linear spectroscopic method possesses a very low sensitivity and, therefore, it is 
rarely used for studies in the gas phase. The sensitivity of nonlinear scattering meth- 
ods is much higher. 


3.2.8. Methods of nonlinear spectroscopy 


We considered the methods which are applicable when the intensity of the inci- 
dent light is low. However, with an increase in the light intensity processes of absorp- 
tion, fluorescence, and scattering can occur, when immediately several photons from 

the incident elec- 
tromagnetic waves 
hva participate simulta- 
hy neously in these 
processes. These 
photons can be 
E from either one 
light beam and sev- 
E ————— — E' eral beams from 
a b one or several 
lasers. If incident 
Fig. 3.4. Energy scheme illustrating Raman scattering: photons are in reso- 
a, radiation at the anti-Stokes frequency v; b, nance with the 
radiation at the Stokes frequency vy. energy levels of the 
molecular system, 
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this process can be considered as a sequence of one-photon processes. Such process- 
es are named step-ladder or cascade. The nonlinear multiphoton process implies the 
process in which the primary act is virtual, i.e., the resonance between the photon 
energy and levels of the molecular system is absent. The methods based on these 
processes are named methods of nonlinear spectroscopy. These methods allowed the 
development of new principles of species detection. Multiphoton absorption and 
nonlinear light scattering are of greatest interest for the gas kinetics. 


Multiphoton absorption can be presented as the elementary process 


B(j) + Shn; > Bj. (3.14) 


The summation is performed over all photons n,, which are absorbed by the mol- 
ecule. If photons with the same frequency are present (n; = n, =... = n, = n), this 
process can be written as 


BQ) + nhn; > B; (3.15) 


The simplest example of multiphoton absorption is two-photon absorption. Two- 
photon transitions have selection rules, which differ from the selection rules for one- 
photon absorption. It is required for one-photon transitions that the levels j and / have 
the opposite parity, and for two-photon transitions the levels j and / should have the 
same parity. 


The probability of the two-photon transition is proportional to the product of the 
intensities J, and 7/2. In the case of one laser beam, this product should be replaced by 
I,. High peak powers are required to make the probability of the transition noticeable. 
Therefore, pulse lasers in which high peak powers are achieved are usually used for 
two-photon processes. 


Thus, multiphoton absorption spectroscopy supplements one-photon spec- 
troscopy and allows one to observe transitions between states with the same parity, 
which are forbidden for one-photon transitions, to form highly excited states of mol- 
ecules using the visible frequency range, to perform spectrally more resolved intra- 
Doppler spectroscopy, and to perform multiphoton ionization, which is used in mass 
spectroscopic and other ionization methods of detection of active species. 


Nonlinear scattering is exemplified by hyper-Raman scattering, induced Raman 
scattering, coherent anti-Stokes Raman scattering (CARS). 


Hyper-Raman light scattering is that, unlike linear scattering (see Section 3.2.5), 
two photons with the frequency n, participate in the inelastic collision with the par- 
ticle B(J). As a result, a molecule in the different energy state and one photon with 
the energy hn, are formed 


BY)+2hn; — D(q) +hn2 


The laws of energy and momentum conservation should be fulfilled for these 
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processes. Since the momentum of molecules during collision with photons remains 
virtually unchanged, the momentum conservation law should be fulfilled for pho- 
tons. The photon momentum is proportional to the wave vector, Therefore, the 
momentum conservation law is presented as the equality to zero of the vector sum of 
the wave vectors of photons involving in the nonlinear process. This law in optics is 
called the condition of phase synchronism. 


Techniques combining induced and spontaneous Raman scattering is under vig- 
orous development in recent time. We speak about coherent anti-Stokes Raman spec- 
troscopy (CARS). The schemes of levels illustrating CARS is shown in Fig.3.5. The 
method is based on the fact that in the field of rather intense light beams with the fre- 
quencies n, and n, satisfying the condition W = n, - n; (W is the frequency of molec- 
ular vibrations) molecular vibrations with the frequency W are "swinging." As a 
result, the light beam with the frequency n, begins to scatter on the excited states 
with the appearance of radiation with the anti-Stokes frequency n, = 2n, - ny. The 
detected molecules are irradiated with two lasers at the frequencies n and n. 
Fluorescence is detected at the frequency n, whose intensity is given by the expres- 
sion 


L -[nYrr, (3.16) 


where [7] is the concentration of detected particles, 7, is the intensity of the laser radiation at 
the frequency n;, and 7, is intensity of the laser radiation at the frequency n. 


To obtain a rather intense radiation at the frequency n, it is necessary that the 
wave vectors of light beams with the frequencies n, and n, correspond to the condi- 
tion of phase synchronism. This condition is fulfilled for gases if the wave vectors 
are collinear. However, this configuration decreases the spatial resolution of the 
method. There are approaches which allow one to obtain a high sensitivity in this 
method along with the good spatial resolution. The second harmonic of the Nd:IAG 
laser (frequency n,) and the tuned laser on dye solutions (frequency n;) are used most 
frequently in the CARS method. In the CARS method, the signal level exceeds the 
level of spontaneous Raman scattering by 10-10? times. The characteristics of the 
method are indicated in Table 3.2. 


3.2.9. Kinetic mass spectrometry (KM) 


Along with optical methods, mass spectrometric methods are successfully used 
for analysis of stable and short-lived products in studying elementary reactions. 
These methods are combined with a jet reactor for studying reactions involving rad- 
icals. The diffusional variant of a jet reactor developed by A.M. Dodonov and V.A. 
Talroze is most successful. This method allows the detection of both radicals and 
excited species. The simplified scheme of the method is shown in Fig. 3.6. A sample 
is taken from a definite point along the axis of the diffusion cloud; the removal of a 
capillary filled with the second reactant allows one to change the reaction time. To 
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avoid the decay of active 
species before getting into 
the ionization chamber, the 
sample is conveyed into a 
mass spectrometer by a 
molecular beam. 


One of the permanent 
difficulties in mass spectro- 
metric detection is that the 
mass spectrum of an active 
species (for example, a radi- 
cal) can be superimposed on the mass spectrum of a stable molecule, which contains 
this active species as a fragment. The appearance of the radical-fragment requires 
energy expenses for the dissociation of the stable molecule. Therefore, the energy of 
electrons necessary for the creation of ions from the primary radical and stable mol- 
ecule differs by the dissociation energy of the stable molecule. The use of ion sources 
with a low energy of electrons and a high degree of monochromaticity with respect 
to energy allows one to avoid these difficulties. The best selectivity with respect to 
active species and stable molecules can be achieved if the multiphoton ionization of 
the detected particles is carried out with the use of lasers. In this case, absorption of 
several photons results in the formation of a species at the excited level from which 
it is ionized. This process can be written as follows: 





Fig. 3.5. Energy scheme illustrating CARS 


Btn 3B +e 


The energy conservation law for this process can be written in the form 


nhv = En- Ee 
where £, is the ionization potential, and E, is the kinetic energy of an electron. 


As can be seen, selecting the wavelength of the light, we can change the kinetic 
energy of an electron. The mass 
spectrum consisting of a small- 
er number of ions can thus be 
obtained. The characteristics of 
mass spectrometric detection 
are presented in Table 3.2. 





Fig. 3.6. Scheme of a kinetic mass spec- 
trometer: /, convey of reactants; 2, 
reactor; 3, system of molecular 
beam formation; 4, ion source; and 
5, mass analyzer. 
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3.2.10. Comparison of methods for detection of active particles 


The methods described above supplement each other. Nevertheless, there are con- 
ditions and areas of investigation where this or another method has advantages. 
Possibilities to use detection methods for studying elementary processes of different 
types depend on many factors and are determined, first, by the following parameters: 
sensitivity, time resolution (characterizes the high-speed of the method), spectral res- 
olution (allows one to detect particles in definite quantum states), spatial resolution 
(shows possibilities of local analysis), and spectral range of action (characterizes the 
versatility of the method, i.e., a possibility to detect a great variety of active species). 
These are the characteristics, which allow one to judge what type of elementary 
processes in combination with what method of investigation is preferential to be 
used. Table 3.2 contains the characteristics of the methods described above. 
Emphasize that the figures presented there are not best but typical values. The sensi- 
tivity depends on the method and also on the photo or ionization cross section (dur- 
ing collision with an electron) of the detected particle. Since for different molecules 
these values differ, the sensitivity of the method is presented by average values, 
which correspond to the an absorption cross section of 1075 cm?. 


Table 3.2. Characteristics of different methods for detection of active particles 


Method sus Mum volun x p j 
s cm action, ym 

LAS 10" 10° 10° 1 mm 0.2+10 
LMR 10 ^ — 107(109 — 10? 1 mm IR region 
ICLS 10? 10° 10° 1mm 0.4-0.3 
LIF 107 107^ 10?  10$cm? 0.2-1.0 

CARS 107 19? — 19?  109cm? eris 
KM 10° 10° — — — 


*Parameters of the LMR method with high time resolution are given in parentheses. 


The method of kinetic mass spectrometry is universal for such active particles as 
radicals and makes it possible to detect radicals with different sets of atoms. The low 
time resolution is related to the fact that kinetic mass spectroscopy is usually com- 
bined with a jet reactor. It is difficult to detect particles in definite quantum states by 
this method. It is reasonable to use another method with thege purposes. 


The absorption method is most universal because it operates in a wide spectral 
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range. However, it is exceeded in sensitivity by other methods. The LAS method is 
combined with method of shock waves or a jet reactor. The concentration of active 
species in shock waves are usually rather high and the universal character of LAS 
makes it possible to observe simultaneously several particles. A combination with a 
jet reactor restricts the time resolution. In LAS both continuous and pulse lasers are 
used. 


The LMR method is less universal because it acts so far only in the IR range. In 
addition, lasers with stepwise, not smooth rearrangement of the generation frequen- 
cy are used in this method. The LMR method can detect only paramagnetic species, 
whereas the absorption method detects any particles. However, the sensitivity of the 
LMR method is much higher. The combination of the LMR method with ESR in the 
same instrument allows one to determine absolute concentrations of radicals by ESR 
for which the procedure of measurement of absolute concentration already exists. 
The LMR method and absorption method using continuous lasers are usually com- 
bined with a jet reactor, due to which a low time resolution is obtained. This time res- 
olution is sufficient for reactions of radicals, however, can be not enough for study- 
ing elementary processes at the microscopic level. There is the modification of the 
LMR method, which makes it possible to obtain a time resolution of 10° s but in this 
case the sensitivity of the method is much lower. 


The methods of laser spectroscopy in the IR spectral region are preferential for 
studying reactions involving radicals. However, in this case, the Doppler absorption 
linewidth is rather narrow, due to which an increase in the general pressure results in 
an increase in the absorption linewidth and a sharp decrease in the sensitivity. In the 
IR region we can study elementary processes at pressures lower than 50 Torr. 


The ICLS method allows one to work with a high sensitivity at higher pressure. 
It also has a rather high time resolution. The ICLS method makes it possible to detect 
with a high sensitivity not only absorption but also the amplification of light when 
the population inversion of different energy levels is present in the gas under study. 
A disadvantage of ICLS is the restriction of the spectral range from the side of the 
UV spectral region (to 400 nm). 


The absorption method, as well as ICLS, LMR, and KM, do not allow local 
analysis. Nevertheless, in the cases where the reaction medium is symmetrical over 
some axis, these methods can be applied to analysis of the spatial distribution of 
active species. In this sense, Table 3.2 indicates a spatial resolution of 1 mm. This 
value practically corresponds to the spatial width of the laser beam. 


Local analysis can be carried out only by the LIF and CARS methods. They have 
the highest time resolution. The CARS method or any other method of Raman spec- 
troscopy are universal but have low sensitivity. Therefore, it is reasonable to use res- 
onance Raman spectroscopy because its sensitivity is higher. Due to a low sensitivi- 
ty, Raman spectroscopy is combined with a pulse source of generation of active 
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species. Then concentrations sufficient for CARS detection can be created in a small 
volume. The method is usually used for studying microscopic elementary processes. 


Unlike CARS, the LIF method possesses the highest sensitivity in the areas 
where it is applicable. The method is not universal because the radiational relaxation 
of excitation relaxation in many cases is weak. However, in the cases where the quan- 
tum yield of fluorescence of the detected molecule is high, this method becomes 
indispensable for studying microscopic processes if it is necessary to detect the quan- 
tum state of a species, its velocity, and orientation. LIF is used in combination with 
supersonic jets, molecular beams, jet or static reactors. 


3.2.11. Methods of femtosecond spectroscopy 


In previous sections we described the experimental methods which make it pos- 
sible to detect the time evolution of reactants and products. In recent years, a new 
instrument appeared in laser technique: light pulses with a duration of 10—100 fem - 
toseconds. The peculiarities of light pulses with such a short duration opened new 
experimental possibilities, the main of which are the following. 


a) The short time duration of pulses makes it possible to study the time evolution 
of processes with the time resolution even better than the duration of the light pulse 
( 19^ S). If we accept the velocity of an atom 10° cm/s and t = 10" s, changes in the 
internuclear distances of 0.1 À can be detected. This implies that not only product 
formation but also the time evolution of the nuclear configuration in the time scale 
of vibrational motion can be detected with a good accuracy in the real time scale. 


b) The spectral width of pulses is determined by the uncertainty relation 


tDn = const. 


The const value depends on the shape of the pulse envelope. For the Gauss pulse 
const — 0.44. The pulse with a duration of 107 s has a spectral width of 1100 cm”. 
This implies that the femtosecond light pulse can simultaneously excite several 
vibrational states. 


c) Coherent character of the light pulse. This point along with the previous point 
implies a possibility of the coherent excitation of several vibrational or rotational 
states. This new type of excited states is named nonstationary quantum state or 
coherent nuclear wave packet. The sense of these states is that in the molecule imme- 
diately several stationary energy states with correlated relative phases are excited. 


d) High intensity (peak power) of femtosecond pulses at an insignificant pulse 
energy. This point implies that multiphoton absorption processes can easily be per- 
formed, that is, the formation of highly excited molecular systems by visible light 
and the use of numerous nonlinear spectroscopic methods without heating the sam - 
ple. The action of such light pulses on the target (solid, liquid) can generate light 
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pulses in a wide spectral range (supercontinuum), electron and X-ray pulses. Also 
note that it is relatively easy to obtain light field intensities qo” W/cm) even exceed- 
ing intramolecular fields. This can be used for the directed distortion of the potential 
energy surface (PES) at definite time moments. 


Thus, femtosecond light pulses allow one to provide the high time resolution, 
create nonstationary quantum states, form highly excited molecules, influence on 
PES, and generate ultrashort light, electron, and X-ray pulses. 


The specific features of a new instrument presented above defined a new area of 
studies, which was named ‘femtochemistry”. The problems of femtochemistry are 
the study of the dynamics of intramolecular processes and transition state during 
chemical transformation, the study of the kinetics of superhigh processes, and con- 
trolling the chemical transformation by femtosecond pulses. We especially empha- 
size a possibility of studying the dynamics of the transition state in the real time. 
Note that the transition state implies the whole totality of configurations through 
which the reacting molecular system passes via the route from reactants to products. 
To distinguish the transition state from the activated complex BC’, we will designate 
the transition state as [B...C]. In the case where the transition state exists on the elec- 
tronically excited PES, we will designate it as [B...C]°. Then the dissociation process 
can be presented in the form 


BC+hy 5 [B..CfT > B+C 


The main experimental methods in femtochemistry are based on the “pump— 
probe" methods. The pump pulse at the frequency n, creates a wave packet in the 
electronically excited state and determines the zero time moment at which the inter- 
nuclear distance in the transition state is R, = R(t-0). The dynamics of the wave 
packet, which can be considered as its motion over the PES, represents the dynam - 
ics of transition state, that is, the time evolution of the internuclear distance in 
[B...C]’. After some delay time t, the second femtosecond pulse is produced at the 
frequency n». This pulse is called the probe pulse because it determines the existence 
of the wave packet on the PES, ie, the internuclear distances R(t) in the time 
moment t = t. 


The transition state will absorb photons from the second pulse if the configura- 
tion of the transition state corresponds to such an R value at which light with the fre- 
quency m transforms [B...Cf into the higher electronically excited state U, accord- 
ing to the equality 


hv; = UXR) - U(R) 


The population in the electronic state U, depends substantially on the time delay 
between the pump and probe pulses. From the highest electronic state the molecule 
can fluoresce (then the fluorescence intensity changes), decompose (the decomposi- 
tion product is detected by the methods described in this chapter), or be ionized (the 
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current or ions are detected by mass spectroscopic methods). In all cases, the depend- 
ence of the measured quantity (fluorescence intensity, concentration of the product 
or ion fragment) on the time delay between the pump and probe pulses is detected. 
In some methods, the probe pulse performs the transition to the lowest electronic 
state due to the induced radiation on Raman transitions. Note that the high intensity 
of femtosecond pulses allows one to efficiently use all methods of nonlinear spec- 
troscopy developed to date. 


The general scheme of the technique for femtosecond experiments is presented in 
Fig. 3.7. The generator of femtosecond pulses produces light pulses with a duration 
of 107-10 s. If the pulse energy is insufficient for the experiment to be performed, 
the pulse is amplified. Then a portion of amplified pulses goes to the formation of 
pump pulses, and another portion is consumed to the formation of probe pulses. The 
time delay between the pump and probe pulses can be varied changing the optical 
path length. Varying the optical path of the probe pulse, one can change the time 
delay between the pulses. The converters of wavelengths serve for choosing wave- 
lengths of the pump and probe pulses. 


The pump and probe pulses with the specified delay time are directed to the stud- 
ied object. This is usually a molecular beam or gas placed into a cell. Supersonic jets 
are used for measurements at very low temperatures. 


Note that methods, in which the probe pulse is 
focused on the target to obtain electron or X-ray 
pulses, begin to develop now. In these methods, 
the dependence of electron or X-ray diffraction on 
the time delay between the pulses is detected. 
These methods provide an information on the 
time evolution of the nuclear arrangement in the 
course of the chemical reaction. 


Fig. 3.7. General scheme of the technique for 
studying the dynamics of the transi- 
tion state: /, generator of femtosec- 
ond pulses; 2, optical light amplifier; 
J, optical line of the time delay 
between the pump and probe pulses; 
4, devices for changing the wave- 
length of light pulses; 5, reactor; and 
6, system of detection of fluores- 
cence or ion current induced by 
probe pulses. 
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3.3. Methods for obtaining active species 


There are two main methods for obtaining active species: using chemical reac- 
tions and photophysical methods. Both these methods are used in the chemical kinet- 
ics. 


3.3.1. Chemical methods 


In these methods, radicals are products of chemical reactions. For example, the 
reaction 


CH4N, —"5 CH, « N, 


can be a source of the radical -CH3 in shock waves because at high temperatures 
decomposition occurs so rapidly that reactions of the radical -CH; do not virtually 
occur within these times. If the activation energy is low, high equilibrium concentra- 
tions can be at high temperatures, and they are conveyed into a jet reactor. NF, is an 
example of substances of this type. At comparatively low temperatures, one can 
achieve the conditions where the equilibrium 


NH, <— 2NH, 
is shifted towards the radicals NF,. This is due to the low energy of the N—N bond, 


which is equal to -80 kJ/mol. 
Jet methods are more frequently used for studying bimolecular reactions of atoms 
with stable molecules. For example, the reaction 


F-NH, 9 NH, +H 


can be a source of the radical -NH;. 


In jet methods, atoms are usually obtained using the SHF discharge. In some 
cases, a more complex set of elementary reactions is used. For example, the radicals 
HO, are obtained in the following reactions: 


CI -* CHOH > CHOH + HCl; CHOH +0, — CH,O + HO, 


Such sources are applied in some cases in a static reactor as well, where the atom 
is formed due to flash photolysis. The main thing in chemical methods is that the 
characteristic time of generation of the a needed radical would be much shorter than 
the time of the reaction of this radical with a particular reactant. 


In some cases, the chemical methods can be used for the formation of not only 
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radicals but also excited species. For example, vibrationally excited species can be 
obtained in the reaction 


H+0, > OH(n *O, O( D)+H Q— 20H(z) 
H+F, > HF(n)+F 


3.3.2. Photophysical methods 


Light irradiation of molecules is the most popular method for the formation of 
active species. Light absorption can result in either the excitation of particles or pho- 
todissociation of molecules to form atoms and radicals. Both continuous and pulse 
light sources are used. Various types of lasers or lamps are used as light sources. The 
main disadvantages of nonlaser techniques are a comparatively long time of the for- 
mation of particles (usually it exceeds 10? s) and a wide spectral composition of the 
pulse of lamps: nonmonochromaticity results in noncontrolled dissociation channels, 
and a low time resolution does not allow primary and secondary elementary process- 
es to be separated. Laser light sources are free of these disadvantages. 


One-photon, two-photon, and multiphoton absorption is used to create active 
species using light. One-photon absorption is technically the simplest. When pho- 
todissociation is used for the generation of active species, the irradiation is usually 
carried out by excimeric lasers, especially KrF (1 = 248 nm) and ArF (1 = 193 nm) 
lasers. The fourth harmonic of an Nd: IAG laser (1 = 265 nm) is also often used. The 
advantages of these lasers for photolysis are the short pulse duration (<I 0? s), a con- 
venient spectral range for photodissociation, and high spectral brightness and repeti- 
tion frequency (allows one to accumulate the signal). 


When the energy corresponding to the vacuum ultraviolet region is required for 
photodissociation, multiphoton absorption using lasers in the visible and UV region 
is used. 


Laser methods made it possible to obtain vibrationally highly excited species 
when the polyatomic molecule exists near the dissociation threshold. There are sev- 
eral methods for the formation of vibrationally highly excited species. 


1. Due to photon absorption, a particle in the electronically excited state is 
formed, from which it undergoes nonradiative transition to the ground electronic 
state with a high vibrational excitation. This method is poorly versatile. It allows one 
to excite molecules in a very narrow energy interval, i.e., with a sufficiently mono- 
energetic vibrational distribution. In several cases, the transition from the electroni- 
cally excited state to the ground electronic state can be performed due to the stimu- 
lated emission of the molecule under the action of another photon. 


2. Particles are excited to high vibrational levels of the ground electronic state due 
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to the absorption of a photon. In this case, since the cross section of this absorption 
is very small, one should use a rather intense laser radiation. A possibility to apply 
this method appeared due to the development of sensitive methods of the detection 
of the fluorescence spectrum of the reaction products. 


3. The formation of vibrationally highly excited polyatomic particles occurs due 
to the multiphoton absorption of the intense IR radiation. In this case, the wavelength 
of an IR laser should coincide with the fundamental absorption band. The disadvan- 
tage of this method for radical generation is the formation of molecular ensembles 
with different vibrational excitations, which can participate in side elementary 
processes. Therefore, this method should be applied only in the cases where radical 
cannot be formed by one-photon absorption. 


Laser methods make it possible to obtain particles with both a definite value and 
direction of the velocity vector and a definite orientation in the space. If a laser pro- 
ducing the radiation with the spectral width much shorter than the width of the 
absorption line is used for the excitation of a molecule, whose contour of the absorp- 
tion line is due to the Doppler broadening, only molecules moving with a definite 
velocity in the direction of the laser beam will undergo excitation. For example, if 
the generation frequency of the laser corresponds to the frequency of the center of 
the absorption line of molecule, then only molecules *at rest" will be excited. 


Another method for the formation of particles with a specified velocity vector is 
based on photodissociation processes. So, it is known that hot hydrogen atoms can 
be obtained by laser photolysis of HI and HBr molecules using excimer lasers. In this 
process, the energy of the translational motion of the H atom depends on the wave- 
length of the irradiating laser radiation. 
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Chapter 4 


Experimental studies of gas-phase reactions 


In this Chapter, we discuss results of experimental and theoretical studies of var- 
ious elementary reactions. The examples represent the values of rate constants of dif- 
ferent classes of elementary reactions and approaches to the solution of these or other 
kinetic problems. Several examples were taken from scientific articles, reviews, and 
monographs, which are presented in the recommended literature. 


4.1. Unimolecular reactions 


There are three methods for the formation of active molecules A (e > Ep), which 
could participate in the unimolecular reaction: thermal activation, chemical activa- 
tion, and photoactivation. Let us consider unimolecular reaction taking into account 
the method of activation. 


4.1.1. Unimolecular reactions for activation by collisions 


In Section 2.1.4, we presented the simplified kinetic scheme for the description of 
unimolecular reactions for thermal activation. The macroscopic rate constant of the 
unimolecular reaction kuni depends on the total concentration of the buffer gas [M]. 
In the limit of low [M] concentration, the rate constant k, characterizes the activation 
process, and in the limit of high [M] concentrations the rate constant ko characterizes 
the unimolecular reaction. Under the conditions of medium [M] concentrations, the 
activation rate is comparable with that of unimolecular reactions. Thus, only ke bears 
an information on the chemical unimolecular act in the pure form. 


The total concentration of the buffer gas [M] corresponding to the rate constant ka 
depends substantially on the number of atoms in the studied molecule, vibrational fre- 
quencies, and temperature: the smaller the number of atoms and the higher the tem- 
perature, the higher the [M] concentrations at which k,, is achieved. For molecules 
with a small number of atoms at high temperatures, the [M] concentrations can be so 
high that they can barely be achieved in experiment. In this case, kani is determined 
in the fall-off region of concentrations [M]. The methods for extrapolation of exper- 
imental kyni values for finding k, are available. 


When the dependence of kuni on [M] is experimentally determined up to the val- 
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ues close to k~, correction can be performed as follows. In the first approximation, it 
is accepted that at high [M] values the found experimental k,,,; values are k.. In the 
framework of this approximation, the E,' value and frequencies of vibrations of the 
transition complex are determined. Taking into account these parameters, one calcu- 
lates the theoretical plot of kni vs. [M], then compares it with the experimental plot, 
and corrects the k,, and E, values and frequencies of vibrations of the transition com- 
plex. 


The following types of unimolecular reactions can be distinguished: cleavage of 
the ordinary bond and formation of two radicals; elimination to form stable mole- 
cules; isomerization reactions. Table 4.1 contains the examples and Arrhenius 
parameters of the rate constant for these types of reactions. The experimental studies 
presented in Table 4.1 were carried out in shock tubes except for the decomposition 
of CCLHCH,C! when laser heating of the gas mixture was used. It is seen from these 
data that the highest pre-exponential factors belong to the rate constants of decom- 
position at the ordinary bond. Recombination reactions, which, as a rule, occur with- 
out a barrier, are inverse for these reactions. Unlike recombination reactions, inverse 
reactions of elimination and isomerization have substantial potential barriers. 


In chemical activation, the formation of the active molecule A*(£) also occurs 
due to collisions. However, in this case, not the process of energy transfer but the 
chemical reaction is the result of collision. Association reactions are most often used 
for chemical activation: radical recombination, addition at the unsaturated bond. The 
kinetic scheme for chemical activation coincides with that for bimolecular reactions 
occurring through a long-lived complex. In the microscopic variant, this scheme has 
the form 


(a) A+ B — AB (£), (b) AB (e) > A+B, 
(c) AB (e) — C + D, (d) AB'(s) +M — AB +M 


Table 4.1. Arrhenius parameters for decomposition, elimination, and isomer- 
ization reactions 


Reaction ALS. Eja, KJ/mol 
CH, > CH,+H 1.0:10? 420 
C;H;CI > C,H; + HCI 2.010" 236.6 
Cycloheptatriene — Toluene 1.3-10'4 220.5 


To consider the energy behavior during chemical activation, we can use Fig. 4.11. 
The average energy of chemically activated molecules is determined by the expres- 
sion 

<e> = E, +AU,’ tO 


where AU,’ is the difference of zero-point energies of reactants and molecule AB; Eg’ is the 
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height of the potential barrier for dissociation reaction c; and Q is the average thermal energy 
of reactants A and B, which is not indicated in Fig. 4.11 and can often be neglected. 

For simplification, let us consider the case when the second maximum in Fig. 
4.11 lies much lower than the first one. This corresponds to the case when <e> > Eo”. 
Then decomposition in the direction of reactants can be neglected, i.e., k, is equal- 
ized to zero. The rate of formation of decomposition products D and the rate of for- 
mation of molecules AB are measured in experiment. We designate them as Vp and 
Vay. The averaged over € decomposition rate constant <k> is determined from the 
relation 


<k> = kK[M]Vy/Vap (4.1) 


Represent the reaction as that occurring via two channels: (1) A + BO C + D, 
(2) A+ B — AB. Then the ratio Vp/ Vag can be defined as 


Vy OACDIANB]. EC) 
Va (TYANB] XT) 


The rate constants K,(T) and k,(7) are determined by formulas (4.88) and (4.89). 
Inserting the expressions for k,(7) and k;(T) into expression (6.1), we obtain 


[/€ €) +k, IMIa e 
<k, >= k, [M] E (4.2) 
[ /5, (€)/ (k, (€) +k, [M]}d € 


In chemical activation, as well as in thermal activation, one can introduce rate 
constants in the limit of low concentration [M] (the condition &,[M] << &.(£) is ful- 
filled) and high concentration [M] (the condition k,[M] >> ,(€) is valid). The 
expressions for these rate constants have the form 






<k, >, =k, IM)Í f(ode 


(4.3) 
{re Z1 donc (e)> 
<k, > =k IM ORS AMI j 
ac (4.4) 


[ rae -«& €)» 


It can easily be seen that the following equality is fulfilled: 
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<k, >, / <k, > =<k (9 > <k) (9 > (4.5) 


Chemical activation has the significant distinction from thermal activation: the 
distribution functions substantially differ. For chemical activation, the f(e) function 
is determined by formula (4.89). The calculations by this formula using the RRKM 
theory showed that for chemical activation this function is very narrow and often 70- 
90% molecules A (€ > E,) have energies differed from the average energy by not 
more than 1096. This implies that, in many cases, one can believe to a good approx- 
imation that chemically activated molecules have quite certain energy. The validity 
of this approximation can be checked experimentally by measuring <k> and <k,>. 
If their ratio is close to unity, this approximation is valid. The deviation of 
<k.>../<k,>, from unit can serve as a measure of energy scatter. 


Chemical activation has two substantial advantages over thermal activation. 
Selecting different reactants, one can obtain the same molecule A (s > Eo) with dif- 
ferent storages of the internal energy. For example, chemically activated ethyl fluo- 
ride was obtained by three reactions 


ĊH, +ĊH,F > CHE :CH,+CHF> CH F* 
C,H, + F, > C,H F*+F 


The average excitation energies of the C;H;F molecules formed in these reactions 
are close to 370, 450, and 290 kJ/mol, respectively. 


Calculations using the RRKM theory rather well describe the experimentally 
determined plots of the decomposition rate constants vs. excitation energy. To illus- 
trate this, some results of studying the elimination of hydrogen halide from chemi- 
cally activated alkyl halides, which were obtained by radical recombination, are pre- 
sented in Table 4.2. The experimental and theoretical values of the decomposition 
rate constants of these reactions are presented in the last column in the table. 


Table 4.2. Calculated and measured rate constants of elimination of hydrogen 
halides from chemically activated alkyl halides at 700 K 


Chemically Eliminated Eos <e>, <k> -10°, s! 
activated molecule molecule kJ/mol kJ/mol exp. calcd. 

C,H;Cl HCl 230 379 2.6 2.5 

C,HsBr HBr 217 380 6.1 5.8 


CHF HF 212 450 0.9 1. 
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4.1.2. Reactions during photoactivation 


Types of photodissociation 


Photon absorption can result in the formation of either electronically excited mol- 
ecule A*, or vibrationally excited molecule A*(£) in the ground electronic state 


(1) A * hv > Af, (2) A + hv > A*(e) 


Multiphoton absorption is also used, which usually takes place for the irradiation 
of molecule A by powerful infrared radiation. Multiphoton absorption is most often 
used for the formation of vibrationally excited molecules A*(e€) 


(3) A * nhv > A*(£) 


where n is the number of absorbed photons. 


Excited molecules A* and A*(€) can participate in various deactivation process- 
es upon collisions with other molecules. Usually unimolecular reactions involving 
excited molecules A^ and A*(e) are carried out under such experimental conditions 
where no collision with other molecules occurs within the time of the unimolecular 
reaction. However, electronically excited molecule A* can participate in non-radia- 
tive intramolecular transitions from one potential energy surface to another. Let us 
assume for determinacy that in process 1 molecule A* is formed in the first singlet 
electronic state (designate A^ as A(S,)). Molecule A(S;) can participate in non-adia- 
batic non-radiative processes and transform into the triplet electronic state T, and 
ground electronic state S, 


(4) A(S\) > A(T), (5) ACS) > A*(E) 


where A(T,) designates molecule A in the first triplet electronically excited state. 


Molecules A(S,), A(T;), and A*(e) can participate in unimolecular reactions 
(6) A(S) > C + D, (7) A(T) > C+ D, (8) A*(e) = C+D 


If in process 1 molecule A^ is formed in higher electronic states, then the molecules 
in these states participate in either unimolecular reactions, or intramolecular process- 
es of transition to lower electronic states. 


Three types of photodissociation processes are distinguished. If molecule Ae 
undergoes decomposition on the same PES on which it was formed in process 1, this 
process is named direct dissociation (reaction 6). If molecule A^ first transits to 
another electronically excited state (process 4) and dissociation occurs from this state 
(reaction 7), we may speak about electronic pre-dissociation. If Af transits to the 
ground electronic state (process 5) to form A*(€), vibrational pre-dissociation (reac- 
tion 8) is discussed. 


Experimental studies of unimolecular reactions during photoactivation can be 
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reduced to the following tasks: identification of reaction products, determination of 
the lifetime t of the excited species (the rate constant of the unimolecular reaction is 
equal to 1/1), measurements of the energy distribution over electronic, vibrational, 
rotational, and translational degrees of freedom, and establishment of a correlation 
between the velocity of species separation and rotational angular momenta of prod- 
ucts. Such experimental studies are necessary for analysis of the mechanism and 
development of theoretical models of unimolecular reactions during photoactivation. 


In these studies, not only rotational and vibrational states of products should be 
detected, but also the distribition of the velocity of the separation of products. Either 
time-of-flight mass spectroscopy, or the LIF method with a high spectral resolution 
is used for this purpose. When LIF is used, the Doppler contour of the line in the 
excitation spectrum is measured. Since atoms with different velocity vectors, accord- 
ing to the Doppler effect, absorb (emit) the light in different manners, this reflects the 
shape of the line in the excitation spectrum. Therefore, using the experimentally 
determined contour of the line in the excitation spectrum, one can obtain information 
about the values and direction of the velocity of the separation of products. 


Photodissociation of electronically excited molecules 


Any elementary process is determined by two laws: conservation of energy and 
conservation of angular momentum. The law of energy conservation characterizes 
the scalar properties of the elementary process, and the law of angular momentum 
conservation characterizes the geometric properties of the elementary process. It is 
difficult to use the latter if activation occurs during collisions of molecules. This is 
related to the fact that the angular momenta of colliding particles, as a rule, are 
unknown. The problem is substantially símplified for photoactivation. The angular 
momentum of a photon is known, and the angular momentum of the reactant can be 
determined with a high accuracy in the experiment in a supersonic molecular beam 
using the polarized light. 


To illustrate the correlation between the vector of scatter velocity and the angu- 
lar momentum of the product, let us consider the results of studies by M.R. Doker on 
the photodissociation of carbon sulfoxides under irradiation with A = 222 nm 


OCS + hv > CO + SD) 
The law of angular momentum conservation requires that 


Jes tJ; =IgtJegtl (4.6) 


where do , and Js o are the rotational angular momenta of the corresponding molecules, J, is 
the electronic angular momentum of the sulfur atom, J p i$ the angular momentum ofa pho- 
ton, and / is the orbital angular momentum of the relative motion of the separating atom and 
molecule. 


The absolute value of the angular momentum of a photon equals unity. The S 
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atom has only the electronic angular momentum. Since the mass of electrons is very 
small, the absolute value of the electronic angular momentum is usually much lower 
than the absolute values of the angular momenta of the molecules. Therefore, in for- 
mula (4.6), the angular momentum of a photon and electronic angular momentum of 
the S atom can be neglected. The use of cooling of the reactant in the supersonic jet 
makes it possible to obtain the OCS molecule in the lowly excited rotational states 
when |J cs] is close to zero. At the same time, the experiment shows that rotation- 
excited CO molecules with NCO « 60 (NCO is the rotational quantum number of the 
CO molecule) are predominantly formed in the reaction. This implies that in absolute 
value Uo] >> ]. Thus, ol >> Poal: VAR \7,. Therefore, the equality is fulfilled 


Jog  -1 


This means that the orbital angular momentum and internal angular momentum 
of the product are antiparallel. The orbital momentum is related to the separation 
velocity V through the impact parameter b by the relation 


12 us bi 
where [V 5 ] is the vector product. 


It follows from this that the vector of separation velocity of products V is per- 
pendicular to the rotational angular momentum of the CO molecule. This correlation 
between the vectors V and Joo was experimentally confirmed from analysis of the 
Doppler contours of the excitation spectra of the CO molecule. The use of the law of 
energy conservation showed that the sulfur atom in the electronic state 'D is formed 


in this reaction. 


To study the scalar properties of photodissociation, the energy distribution over 
the vibrational, rotational, and translational degrees of freedom is experimentally 
detected. If the photodissociation products are formed in the ground electronic state, 
the law of energy conservation has the form 


E= Evibr * Erot + Err 


where E is the total energy released in the photodissociation process; £y; + Ero: + £& are the 
energies of the vibrational, rotational, and translational motions of the products. 


The experimental data on the average fractions of the energy released to different 
degrees of freedom during the direct photodissociation of electronically excited mol- 
ecules are presented in Table 4.3. The wavelengths of the irradiating light are indi- 
cated in the first column. It is seen from the table that for the presented examples of 
photodissociation, a great fraction of the energy is released to the translational 
degrees of freedom of the products. In addition, the decomposition of all these mol- 
ecules occurs within times of ^10? s. Let us discuss in more detail the photodisso- 
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ciation of HONO, which was studied at different wavelengths of the irradiating light 
(A = 193, 342, 355, and 369 nm). In all cases, the decomposition products were 
formed in the ground electronic state. Decomposition occurred so rapidly that the 
molecule had no time to significantly change its orientation within the time between 
photon absorption and decomposition. The reaction products were detected by the 
LIF method. No formation of vibrationally excited products was observed. Analysis 
of the Doppler contours of the excitation spectrum of the -OH radical showed that a 
considerable portion of the released energy goes to the translational energy of scat- 
tering products. Thus, the experimental data indicate that at different wavelengths of 
the irradiating light direct dissociation occurs, probably, from the repulsive electron- 
ic term. 


Table 4.3. Energy distribution in dissociation products at different degrees of 


freedom 
Reaction À, nm P, Pu. Prot 
CH,I+hv > CH,+I* 266 087 013 — 
248 0.89 6H = 
193 0.92 008 — 
CH,Br+hv — CH,+ Br* 222 0.94 0.06 — 
HONO +4 v —> OH + NO 193 0.94 — 0.03 


Electronic spectra of HONO are similar to those of aliphatic nitrates of the 
RONO type. Therefore, for molecules of this class we can expect the general mech- 
anism of dissociation under irradiation with A = 300 + 400 nm. Indeed, it was exper- 
imentally shown that the mechanism of photodissociation of the CHONO and 
(CH3);VONO molecules is similar to the mechanism of HONO photodissociation. 
H. Reisler, M. Noble, and S. Wittig in their reviews gave the detailed description of 
the photodissociation of nitrogen-containing molecules. 


For these fast decompositions, the statistical energy redistribution over the vibra- 
tional degrees of freedom of the molecule has no time to occur. Therefore, the sta- 
tistical theory is not applicable to these unimolecular reactions. The theoretical 
description of such a fast dissociation of electronically excited molecules requires 
dynamic calculations, which are very complicated and need the knowledge of the 
specific features of the potential energy surface of excited electronic states. 


Photodissociation of vibrationally excited molecules 


Three methods for obtaining high-vibrational excited molecules in the ground 
electronic state are available. Each method has its advantages and disadvantages and, 
hence, it seems reasonable to discuss unimolecular reactions of vibrationally excited 
molecules taking into account the method of their generation. 


The first method includes processes 1 and 5. In process 1 electronically excited 
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molecule A* is formed, which undergoes non-adiabatic non-radiative transition 5. As 
a result, vibrationally excited molecule A*(£) in the ground electronically excited 
state is formed. Photodissociation of nitroso compounds of the RNO type is an exam- 
ple of this method for the formation of high-vibrationally excited molecules in the 
ground electronic state. 


Nitroso compounds have general specific features of the electronic structure. 
Figure 4.1 presents the shape (typical of nitroso compounds) of three lowest poten- 
tial curves along the reaction coordinate, resulting in the elimination of NO. As can 
be seen, the formation of products from state S, can occur through surmounting of a 
high potential barrier. Therefore, the molecules in state S, formed in process 1 can 
transit to the ground electronic state Sy (process 5). Then the photodissociation of 
nitroso compounds occurs as follows: 


a) RNO + hv > RNO(S;) 
b) RNO(S;) > RNO*(e) 


c) RNO*(e) O R+ NO 


The kinetics of formation of the products R and NO is determined by either 
process b, or reaction c. If the rate constant of process b is higher than that of reac- 
tion c, the rate constant k, is determined from the kinetic data. By contrast, if k, >> 
kp, then the k, value is determined from the kinetic data. To reveal which process is 
slower, the rate constant of decomposition of the vibrationally excited molecule 
RNO*(e) is calculated using the statistical theory and the results of the calculation 
are compared with the experimentally determined rate constant. If the calculated k, 
value is much higher than that determined experimentally, the photodissociation 
process is limited by the non-adiabatic non-radiative transition, i.e., process b. Let us 

illustrate aforesaid by several examples. 


UAR Consider the decomposition of fert-butylnitro- 
somethane (tert-BuNO). tert-BuNO molecules 
cooled in a supersonic jet to a temperature of sev- 
eral Kelvin were excited by the radiation of a dye 
laser. Fluorescence of the initial tert-BuNO mole- 
cules was observed. The reaction product, viz., NO 
molecules, was detected by the LIF method. It was 
found that also fluorescence of tert-BuNO disap- 
peared 40 ns after excitation (which corresponds to 
the lifetime of the electronically excited state of 
tert-BuNO), the NO molecules appeared much 
more later, with the characteristic time longer than 
Fig. 4.1. Potential energy 1 us. The presence of the induction period for prod- 

curves of nitroso uct formation indicates that the decomposition of 

compounds. the fert-BuNO proceeds in two stages: fast non- 


Reaction coordinates 
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radiative conversion and the relatively slow decomposition of the high-vibrationally 
excited molecule of tert-butylnitrosomethane. 


The next example is decomposition 
CF,NO 5 NO «CF, 


The mechanism of decomposition of this molecule is also determined by stages 
a-c. This example is of interest because the time of appearance of the product (NO 
molecule) coincides with the radiative lifetime of CF;NO. The indicated lifetime of 
the reactant is much longer than that calculated by the RRKM theory for decompo- 
sition from the ground electronic state S,. This indicates that dissociation occurs 
more rapidly than non-radiative transitions, and the decomposition rate is limited by 
the slow non-radiative transition. As for the distribution of the formed NO molecules 
over internal degrees of freedom, it coincides with the statistical distribution at the 
excitation energy near the dissociation threshold. If the excitation energy is 
increased, insignificant deviations from statistics appear. They are likely related to 
the contribution of the triplet state to the decomposition process. 


One more example: HCNO decomposition. The reaction was studied in a super- 
sonic jet. The wavelength of the light exciting the HCNO molecule in process a was 
changed in such a way that the energy interval is Ae = hv — E, above the dissociation 
threshold was Ae = 0+65 kJ/mol. The vibrational and rotational distributions of both 
reaction products, viz., CN and NO, were detected. The experimental data indicate 
that unimolecular decomposition proceeds via the following mechanism: 


NCNO+hv — NCNO(S, ) 5 NCNO*(e) 29 CN +NO 


This mechanism is substantiated by the fact that the vibrational distribution of the 
products agrees well with the calculations using the statistical theory at various 
exceedings of the excitation energy Ae over the dissociation threshold. Below we 
present the relative populations of the vibrationally excited products Peyn = [CN(v = 
1) VD [CN(@)] and Pyo = [NOQ = Dy? [NO(n)] obtained in experiment and cal- 
culated using the statistical theory 


AE, kJ/mol 71.5 116 141 
PM 0.07 0.2 0.27 
pu 0.08 0.22 0.26 
P2 0.12 — == 
pos 0.14 = i 


The second method for the preparation of vibrationally excited molecules in the 
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ground electronic state is process 2: A + hv > A*(e). 


Designating the frequency of the normal vibrational mode as v,, we can obtain in 
process 2 the excited molecules with the energy close to 2hv,, 3Av,, ..., NAV . 
Absorption lines at these frequencies are named overtones (first, second, and high- 
er). The probability of formation in process 2 of the excited molecule with the ener- 
gy corresponding to the higher overtone decreases rapidly. Therefore, the normal 
vibrational mode corresponding to the high 
vibrational frequency (compared to other normal 
vibrational modes) is separated. In this case, the 
excitation of a lower overtone is sufficient for the 
energy to be enough for unimolecular decompo- 
sition, 


As atule, at the starting momentum after irra- 
diation, the energy of vibrational excitation is 
localized. The statistical energy redistribution 
over all vibrational degrees of freedom occurs 
with time. The time of statistical energy redistri- 
bution depends on the number of atoms and fre- 
Fig. 4.2. Energy diagram of quencies of normal vibrations in the molecule 

hydrogen peroxide ^ andis approximately equal to 10-12 s. Therefore, 
dissociation rate constants of decomposition of molecules can 
be calculated using the statistical theory. 





As an example, let us consider the results obtained by F. Krim on studying the 
unimolecular decomposition of hydrogen peroxide (H203) 


H,O, +hv > H,0,(:)— 9 20H 


Hydrogen peroxide decomposition requires surmounting of the potential barrier 
E, equal to 210 kJ/mol. The H,O, molecule has the high-frequency normal vibration 
(73600 cm-1), which corresponds to vibrations of the O and H atoms along the O— 
H bonds in the H,O, molecule. Let us designate the frequency of this normal vibra- 
tional mode as Voy. Figure 6.2 presents the energy of vibrational overtones 4vog, 
5Von, and 6vog. Retuning the wavelength of the exciting laser, one can excite vibra- 
tions with different overtones. As can be seen in this figure, only the vibrational ener- 
gy of the sixth overtone exceeds that energy of the O—O bond cleavage. However, 
decomposition can also occur during the excitation of vibrations of the fifth overtone 
if photons are absorbed by the thermally excited H,O, molecules. To remove this 
light absorption, the H;O, molecules are cooled during supersonic expansion. Then 
the decomposed H,0,(€) molecules will have certain energy, which is equal to the 
energy of the absorbed photon (7-230 kJ/mol). 


The excitation spectra of different overtones and the OH radicals in different rota- 
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tional states were experimentally detected. When the sixth overtone is excited, the 
molecule has an energy excess over the dissociation threshold equal to ~20 kJ/mol. 
The detection of the rotational states of the hydroxyl radicals shows that the rota- 
tionally excited -OH radicals are mainly formed in the reaction. The distribution 
function has a rather smooth shape and extends to -OH (N = 10) (N is the rotational 
quantum number). The levels with N = 4 and 5 are most populated. 


To determine the rate constant K(£), the spectral width Av of particular lines of the 
overtone excitation spectrum of the H,O, was measured. The lifetime of the excited 
molecule t was determined by the uncertainty: t = 1/Av. The microscopic rate con- 
stant was determined from the relation t = 1/k(e). In principle, this method for deter- 
mination of &(£) should be used with care because not only dissociation but also non- 
uniform broadening can contribute to the measured spectral width Av. Howevet, in 
this example, the measured lifetime is t = 3.5 ps and, hence, k(€) = 2.9: 10! s ! agrees 
with the calculation using the statistical theory. 


The third method of formation of A'(e) is process 3: A + nhv > A (e). V.A. 
Bagratashvili presents in detail this method of photoexcitation in his monograph. 
After irradiation with a pulse of an infrared laser, the excited molecules A (£) have 
some distribution over the vibrational energy. This distribution depends on the laser 
radiation intensity. If the laser intensity is low, the excited molecules have an 
insignificant excess over the dissociation energy. Molecules are excited to high ener- 
gies with an increase in the intensity of laser irradiation. Thus, changing the radia- 
tion intensity, one can obtain molecules with different excesses of the vibrational 
energy over the dissociation threshold. 


This excitation method is rather efficient for studying reactions with two chan- 
nels of decomposition. For example, it was shown that the CHNO, molecules could 
decompose via two channels 


a) CH,NO, 2 CH,*NO, 
b) CH,NO, > CH ONO > CH30 * NO 


The cleavage of the weakest bond occurs in channel a. These reactions have no 
potential barrier, and their decomposition required that the excitation energy would 
be higher than the C-—N bond energy. The profiles of the reaction routes of this type 
are shown in Fig. 4.9a. Isomerization first occurs in channel b and then decomposi- 
tion takes place. These reactions have potential barriers. The profiles of the reaction 
paths of this type are shown in Fig. 4.9c. 


The ratio of rate constants of channels a and b and energy distribution in the reac- 
tion products are determined by mass spectrometry and laser spectroscopy. Using 
these data and calculations by the RRKM theory, information about the excitation 
energy of the CH;NO, molecule and the potential barrier E, for channel b is 
obtained. Below thus determined potential barriers for some reactions are presented 
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kJ/mol 
CH3NO — CHONO 231 
C,H;NO, > C-H; + HONO 192 
CH;CO,C>H; = CH4 D CH4CO;H 208 


4.2. Bimolecular reactions 


Thermal electronically adiabatic reactions (Section 4.2.1), which occur under the 
conditions of the Maxwell—Boltzmann distribution, compose the largest class of 
bimolecular reactions. Diverse experimental studies of this class of reactions are 
resulted first by requests of practice. Information on elementary reactions is neces- 
sary for understanding complicated chemical reactions, which are important in the 
chemistry of atmosphere, combustion, for technologies, etc. 


In some cases, the kinetics of bimolecular reactions cannot be described in the 
framework of one PES, and the experimental data to be explained needs the use of 
two PES. These reactions are named electronically non-adiabatic (Section 4.2.2). 


Kinetic analysis of energetically non-equilibrium processes (gas lasers, plasmo- 
chemistry, photochemistry, etc.) needs the knowledge of microscopic rate constants. 
Rate constants and cross sections of microscopic reactions (Section 4.2.3) give less 
averaged information than rate constants of thermal reactions and, therefore, favor 
the development of concepts about the physics of elementary act. 


4.2.1. Thermal electronically adiabatic reactions 


Reactions between stable molecules, as a rule, have high activation energies (E, 
= 160 kJ/mol). Therefore, rate constants of these reactions have much lower values 
than rate constants of reactions of stable molecules with radicals. Radicals are usu- 
ally the products of thermal reactions of stable molecules. Let us consider the reac- 
tion of stable molecules with the formation of two radicals 


ky n . 
9) CFDc—R, € Ro 


The kinetics of such reactions is experimentally studied at high temperatures 
when their rates can be detected. The main method of studying is the method of 
shock waves. Indirect methods are often used because it is difficult to measure low 
reaction rates. 


Reactions inverse to 9 are usually exothermic and have much higher values of 
rate constants. This makes it possible to study inverse reactions at lower temperatures 
using direct spectroscopic methods. After the rate constant k 9 was experimentally 
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determined, one can calculate the ky value from the expression 


ko = kok 


where K is the equilibrium constant. 


Thus, reactions of radicals can be used for the determination of rate constants of 
slow reactions between stable molecules. Let us consider the following reaction as 
an example: 


10) NH, «O, ZI HO, «NH, 


The reaction inverse to 10 was studied by direct methods and it was found that 
kjg7 2-10" cm?/(mol s). The equilibrium rate constant K, as it is known, is expressed 
through the change in entropy AS and enthalpy AH(7) in the reaction for the reactants 
and products in the standard state 


K = exp[-(AH°/RT) + (AS°/RT)] (4.7) 


If it is accepted that A/Z(298 K) = 237 kJ/mol and AS°(298 K) = 26.2 kJ/(mol K), 
we can find the K value at 298 K. Then kyo (298 K) = 1.1-10” cm"(mol s). 


As can be seen, this procedure makes it possible to determine such low values of 
rate constants that cannot be measured experimentally. Since the reaction of the HO»: 
radicals with NH, takes place at each collisions, it can be assumed that k.jo is tem- 
perature-independent and the Arrhenius parameters of the rate constant ky) can be 
estimated: Epu = 237 kJ/mol, A = 8.5-10'^ cm"/(mol s). 


As already mentioned in Section 4.1.7, bimolecular reactions can be classified as 
direct reactions and reactions occurring through long-lived complex. These two 
types of reactions differ by profiles of reaction paths (see Fig. 4.8). 


For direct reactions, the reaction path profile has one potential barrier. In the 
framework of the theory of activated complex, the deviations of the temperature 
dependence of the rate constant from the Arrhenius equation for direct reactions can 
be explained by the temperature dependence of statistical sums of the reactants and 
activated complex. After inserting rotation, vibration, and translational statistical 
sums into expression (4.76), the temperature dependence of the rate constant is pre- 
sented by the expression 


k = const T'exp(-EJ RT) (4.8) 


where E, is the difference of the ground state energy levels of the activated complex and reac- 
tants. 


Depending on the structure of reactants, the parameter n and, hence, the temper- 
ature dependence of the pre-exponential factor changes and can reach a value of 3- 
3.5. However, if the reaction is studied in a narrow temperature interval, the 
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Arrhenius law (4.26) well describes experimental data. 


The calculation of the rate constant by the method of activated complex using for- 
mula (4.76) needs the knowledge of E,, F, and F^. The partition functions of the reac- 
tants F can be calculated through the molecular parameters (vibrational frequencies, 
rotational constants), which are available from the corresponding reference books. 
As for E, and the statistical sum F", the calculations of PES are necessary. However, 
note that the calculation of F^ is not very sensitive to the specific features of PES. 
Therefore, to choose the structure of the activated complex, as a rule, approximate 
approaches are sufficient. 


The reactions of the elimination of the atom by the radicals R 
11) R«-HR' R- HR 


are typical direct reactions. The calculated values of pre-exponential factors for sev- 
eral reactions of hydrogen atom elimination at the approximate choice of the acti- 
vated complex structure are presented in Table 4.4. The height of the potential barri- 
er for hydrogen atom elimination can be estimated most simply by the empirical 
method “bond energy - bond order.” In addition, computer facilities make it possible 
to calculate PES by semiempirical and non-empirical methods. 


Table 4.4. Experimental and theoretically calculated pre-exponential factors 
for some reactions 


Reaction InA exp InA theor Temperature 
interval, K 
H+CH, — CH, +H, 13.7 13.9 500-100 
CH, + C,H, > CH, + CH. 11.52 21.4 500-700 
Cl+CH, > HCI « CH, 13.35 13.66 200-500 
Note. The Atheor values were calculated at T — 500 K, Aexp were deter- 


mined in the temperature interval indicated in the table. 


Note that it is sometimes rather difficult to determine without quantum-mechan- 
ical calculations whether the reaction is direct or proceeds through a long-lived com- 
plex. When the reaction proceeds through the long-lived complex, this is usually 
indicated by the dependence of the rate constant on the pressure of buffer gas M. 


The reaction 
12) ÓH« CO» CO, +H 


is of interest by the fact that the temperature dependence of the rate constant of this 
reaction differs substantially from the Arrhenius law. At low temperatures (« 500 K), 
the rate constant is temperature-independent and begins to increase at higher tem- 
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peratures. This dependence cannot be understood in the framework of the direct reac- 
tion. The reaction -H + CO; — -OH + CO, which is inverse to 12, was studied using 
laser spectroscopy with picosecond time resolution. It was found that the reaction 
proceeds through the long-lived intermediate complex [OHCOJ]". The temperature 
dependence can be explained from these positions if we accept that the barrier for the 
decomposition of the intermediate complex toward reactants and products are close. 
The structure of the activated complex with three collinear heavy atoms corresponds 
to the barrier toward the products. 


The largest class of reactions occurring through the formation of a long-lived 
complex includes the reactions of radicals with atoms or radicals. As an example, let 
us consider the studies of Yu.M. Gershenzon of the reactions of the ‘NF, radical with 
atoms and radicals. The method combining LMR and ESR was used in these studies. 
Atoms were detected by ESR, and LMR was used to detect radicals. Experiments 
were carried out at pressures of 3+10 Torr in a temperature interval of 300-800 K. 
Under these conditions, the long-lived complex is not deactivated, i.e., only the 
decomposition channels can be considered 


NF, + REL NFR —2 >C+D 


The found temperature dependences of the rate constants are presented in Table 
4.5. It is seen that there are both positive and negative temperature dependences of 
the rate constants. In addition to the experiment, the rate constants were calculated at 
different temperatures. At the specified structures of the activated complex, the tem- 
perature run of the rate constants can be adjusted with the experimental one of vary- 
ing the potential barriers of NER' decomposition toward reactants (£,’) and prod- 
ucts (E,"). The values of parameters at which the correspondence of the theoretical 
and experimental data for the studied reactions is observed are indicated in Table 4.5. 
This example shows that the study of the temperature dependence of the rate constant 
sometimes allows one to determine the parameters of the potential energy surface. 
Note that it was assumed in the described case that the reaction proceeds through one 
long-lived complex. 


Table 4.5. Experimental and theoretical results of studying the kinetics of 
reactions of NF, with atoms and radicals R (R = H,O, HO, HO, ). 


Reaction AU,, K(T), Eo Ey 
kJ/mol ^ cm?/(mol s) 
H+NE, > HNF, ONE A)-HF 8&4  2310/ (7/00)? 185 18.0 
N« NF, > NNF, 2 N,F +È 9.0 
6107/3009? 72 
732 


114 Bimolecular reactions 


Ó-- NF, 2 ONF; > FNO +F 165 7.510 (1/500)"! 144 14.5 
OH+NE, > HONF, > NF +FNO 20.6 8.5:10°(7/300)°° 144 15.6 
HO, + NF, > HOONF, >F+OH+FNO 0.5 1.6-:10°(7/300)'7 12.0 12.0 


A more detailed analysis of the kinetics of the reaction proceeding through sev- 
eral long-lived intermediate complexes can be exemplified by the reaction of -NH, 
with -NO. Interest in this reaction is caused by the fact that in it the chemically active 
nitrogen atom is transformed into the inert N, molecule. This determined the signif- 
icance of this reaction for the atmospheric chemistry and purification of industrial 
gases from nitrogen oxides. N}, H5O, and -OH were observed in the reaction prod- 
ucts. The presence of these products assumes two reaction channels 


13) NH, *NO— A N,* HO 
—*5N,H+ OH 


It follows from the thermodynamic calculations that the bond energy of NH in the 
"N;H species does not exceed 40 kJ/mol and, therefore, it will decompose rather rap- 
idly to the channel N + H. 


The published data on the temperature dependence of the total rate constant kı; = 
ka + kp of this reaction are presented in Table 4.6. The reaction was studied in both 
static and flow-type reactors using different methods for detecting the -NH2 and -OH 
radicals. The divergence, although insignificant, between the results of independent 
authors is observed. 


Table 4.6. Temperature plots of the rate constant of the reaction of -NH; with 
NO obtained by different methods 


k, V/(mol s) T (K) Reactor Method for Method for 
radical formation radical detection 
108-10 (7/298)! 300-500 Static Flow-type Flash photolysis 
1240'(7/98y'9 216-480 Static The same LIF 
0.710'*(7/2908y!5* 210-480 Flash Chemical LIF 
1.210 (7/298)?? | 298-620 Static Absorption HRLS 
spectroscopy 


The most difficulties appear for the determination of the rate constants of each 
channel of this reaction. Channel a if the main at room temperature: ka = 0.87k;3, kp 
= 0.13kı3. The role of channel b increases with temperature: at T = 1000 K k, = 
0.5k;3. 


The negative temperature dependence of the overall rate constant immediately 
indicates that reaction 13 proceeds through a long-lived intermediate complex. To 
explain the available experimenta] material on this reaction, theoretical calculations 
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were performed. 


The quantum-chemical calculations performed by John A. Harrison and others 
show that along the reaction path the system passes through several long-lived com- 
plexes. The simplified energy diagram along the reaction path is shown in Fig. 4.3. 
The reaction proceeds through the long-lived complexes A,, A>, and A; and activat- 
ed complexes A7,, A5,, and Aj ,. The structures of these complexes are also shown 
in Fig. 4.3. The index i = 1, 2, ... in the presented structures indicates the number of 
the N and H atoms. 


It is seen from the energy diagram that the highest potential barrier is attributed 
to the transformation of the long-lived complex A; into the long-lived complex A. 
Nevertheless, this barrier also lies below the minimum energy of the reactants. In the 
activated complex A3 4= the Niyy—H a) and Nj, —O bonds are cleaved to form H,O 
and Np. It is clear that the reaction should proceed through channel b when the Hoy— 
O and N(3—O bonds are cleaved. 


In the framework of the energy diagram in Fig. 4.3, reaction 13 can be presented 
by the following kinetic scheme: 


1) NH, £ NOZZ A (€) 


JAGE A (€) 


3) A, AA) 
4) A,(e)—*>N,+H,0 


If we use quasi-stationarity with respect to A;(€), A2(€), and A3(£), the rate con- 
stant k;3(€) can be presented in the form 


ky3(€) = ki(e)P(&) 
where 
A (E)K (OK, (€) +k, (E) k, (E) k, (8) +k (OK (OKO +k, Dkk 
(4.9) 


P(t)- 


Let us compare formula (4.9) with the probability P(e) = k(£Y[kc(e) + k;(e)], 
which was used in Section 2.2.5 under the assumption of one long-lived complex. 
The probability P(£) of this type can be obtained from expression (4.9) if we neglect 
the first two terms in the denominator. However, the real calculations of k,(e) by the 
formulas of the RRKM theory showed that only the first term in the denominator of 
formula (4.9) can be neglected, and then the probability P(e) is the following: 
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Fig. 43. Qualitative profile of the path of the reaction -NH, + -NO  N; + H,O 
and structures of the long-lived and activated complexes. 
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It is seen from this comparison that information on the reaction path is necessary 
for the calculation of the rate constant to know how many long-lived complexes 
should be taken into account for the calculation of k. 


To obtain the thermal rate constant k,3(7), we have to average K4(£) over the dis- 
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tribution fg(£) for the reactants -NH, and -NO. All rate constants k{€) can be calcu- 
lated using the formulas presented in Chapter 4. The calculations showed that the cal- 
culated k,3(7) satisfactorily describes the observed experimental negative tempera- 
ture dependence of the rate constant of this reaction. 


4.2.2. Electronically non-adiabatic reactions 


In the recent time, data appeared that the reactions of OCP) with unsaturated 
hydrocarbons can proceed via the electronically non-adiabatic mechanism. The reac- 
tion of the oxygen atom with ethylene is studied in most detail. Let us consider this 
reaction to demonstrate the reasons for which it cannot be described in the frame- 
work of one potential energy surface. 


The reaction of OCP) with ethylene was studied in both molecular beams and 
standard reactors. Primary intermediate products were detected by mass spec- 
troscopy and various spectroscopic methods: H, CH,CHO, and HCO. This allowed 
one to propose two main channels of this reaction 


14) O(°P)+C,H, — H+CH,CHO 
15) OC P)+C,H, — CH, +HCO 


It was revealed that the overall rate constant of this reaction koverat = Kq4 + kis is 
independent of the buffer gas pressure in an interval of 0.5+760 Torr, and the chan- 
nel ratio k,4/k,s decreases with the pressure increase. The question arises what should 
be the mechanism of this reaction to explain the experimental facts. 


The quantum-chemical calculations for the system OCP) + C,H, make it possi- 


D+ 
O CH 
°CH,CH;O V 2CH,CH,O' 
H+CH,CHO ' r CH3+CHO 
}CH,CHO 


Fig. 4.4. Energy diagram for the reaction of O(3P) with ethylene. 
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ble to plot the energy diagram, which is presented in the simplified variant in Fig. 
4.4. 


In the first act, the OCP) atom adds to ethylene to form the long-lived complex, 
viz., the vibrationally excited triplet non-symmetrical biradical >CH,CH,O 
a) O(?P)+C,H, 2 C@CH,CH,OY 
It can decompose back to the reactants 
b) (CH,CH,O) 5 OC P)+C,H, 
or to the hydrogen atom and CH,CHO 
c) (3CH,CH,OY + H+CH,CHO 


In addition, the vibrationally excited molecule can be stabilized during collisions 
with molecules 


d) (CH,CH,O)’ +M 5 *CH,CH,O 


Other channels, for example, isomerization >CH,CH,O — *CH,CH,O, is possi- 
ble in the framework of one triplet potential energy surface. However, these channels 
are not indicated in Fig. 4.4 because, according to the quantum-mechanical calcula- 
tions, to occur they need surmounting of considerable potential barriers. Therefore, 
taking into account only one potential surface, only reaction 14 can occur. This reac- 
tion can be considered as that proceeding through a long-lived complex; its rate con- 
stant k,4 can be calculated using formula (4.88). 


To explain the occurrence of reaction 15 and the experimentally observed 
dependence of the k;4/k,5 ratio on the pressure of the buffer gas, the singlet PES has 
to be taken into account. It is assumed that the triplet-singlet transition can occur, per- 
haps, due to collision with molecules of the buffer gas M 


e) 3CH,CH,O—* > 'CH,CH,O 


This transition is shown in Fig. 4.4 by wavy line. Further transformations will 
occur on the singlet potential energy surface. The formed 'CH,CH,O biradical can 
be isomerized with surmounting of a insignificant potential barrier to form the vibra- 
tionally excited molecule 'CH,CHO* 


f£) 'CH,CH,O 5 ('CH,CHOY 


The excited acetaldehyde molecule decomposes to form HCO and CH, 
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g) ((CH,CHOy 5 CH, « CHO 


Thus, reaction 14 proceeds through the triplet state, and reaction 15 proceeds 
through the singlet state. The contribution of each reaction to the overall reaction rate 
depends on the singlet-triplet transition e and, hence, on the overall pressure. The 
mechanism of the reaction proposed by V.I. Vedeneev explains the experimental 
data. 


4.2.3. Microscopic reactions 


The studies of microscopic reactions are directed first to the development of con- 
cepts on the chemical physics of the elementary act. The results of these studies can 
also be used for the description of non-equilibrium physicochemical processes in the 
solution of specific applied problems. 


It is difficult to experimentally detect simultaneously reactants and products in 
definite quantum states. Either the quantum state of products or the quantum state of 
reactants is usually detected. In the first case, we have to speak about the energy dis- 
tribution in the reaction products, and in the second case, about the reaction of excit- 
ed molecules. These approaches are equivalent because the corresponding rate con- 
stants are related by the principle of microscopic reversibility. 


The energy distribution in products is usually studied for strongly exothermic ele- 
mentary reactions. The mean total energy of products for such reactions can be con- 
sidered to be equal to AU, + E,’ (see Fig. 4.11). This energy is much higher than the 
thermal energy Q; therefore, we can believe that the energy E released in the reac- 
tion products is constant and equal to AU, + Ep’. 


Let us study the reaction 
16 X- A— R(N, n x D 


The product R(N, n) is detected in different quantum states (where N and n is the 
set of quantum numbers characterizing the rotational and vibrational states of the par- 
ticle R). The microscopic rate constant, which will be designated as kis (—N, n), rep- 
resents the rate constant of reaction 16, due to which the molecules R(N, n) and D 
are formed in any quantum state. The reactants in reaction 16 exist in certain elec- 
tronic states but under the condition of the Maxwell-Boltzmann distribution over 
other degrees of freedom. The following functions can be the characteristics of the 
energy distribution in the product R(N, n) over the rotational and vibrational degrees 
of freedom: 


P(N)=k,(> Na, k,(— N,n) at n= const (4.10) 
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PD csEC SY, k(— n) (4.11) 


To determine P,(N), experiments are performed in such a way that the species 
R(N ,n) formed in reaction 16 can be detected before they collide with other mole- 
cules. Under these conditions, the spectrally allowed absorption, emission, or fluo- 
rescence excitation spectrum bears information about the rotational distribution for 
each vibrational state of the product. The main difficulties are the dependence of the 
sensitivity of the equipment on the wavelength, unequal saturations of absorption 
lines for different n, and a possibility of pre-dissociation at some N values. 


The procedure similar to that applied to rotational distributions is used sometimes 
for the determination of the distribution function P,(N) over vibrational states. To 
determine P(n), the obtained rotational distributions P(n) for different vibrational 
levels are integrated. However, transitions with different N are separated spectrally 
to a much great extent than those with different n, which can result in a substantial 
change in the parameters of the experimental setup on going from one vibrational 
number to another. This increases the inaccuracy of P(n) determination and makes 
the obtained by this method vibrational distribution much less reliable than the rota- 
tional distribution. 


In some works, the authors develop another approach to the determination of 
vibrational distributions. It makes it possible to exclude absolute measurements of 
concentrations and to restrict measurements by relative ones, whose accuracy is 
higher. This approach, which can be named "kinetic", looks as follows. Let we are 
interested in the distribution function P(n). The experimental conditions are such that 
the reaction and subsequent rotational relaxation of R(N ,n) occur much more rapid- 
ly than the vibrational relaxation of R(n). In this case, the reaction 


(17) X * AS R(n) * D 


should be written instead of reaction 16. 


Then the distribution function P(n) determines the initial conditions for the con- 
centrations [R(n)] in different vibrational states, beginning from which deactivation 
process R(n) + M — R(n-1) occur. The concentrations of radicals [R(r))] in certain 
vibrational states measured in relative units depend on the distribution function P(n). 
This allows one to obtain information on P(n) by the solution of the inverse problem. 
This “kinetic” approach was used to study the distribution of the vibrational energy 
in the reaction 


18) O('D)+RH > OH( n) * R 


R - NH,, CH,, H and D 
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The results obtained by measuring the kinetics of formation and decay of -OH(n)’ 
by the LIF are presented in Table 4.7. 


As can be seen, there is the inversion of the population OH(1) and OH(2). The 
P(n) values marked by asterisk were obtained by the extrapolation of the experi- 
mental data on the basis of the information theory approach. 


Table 4.7. ^ Vibrational distribution functions for the *OH radical in the reaction 


P(n) RH=NH; CH, H; D, 
P(n - 0) 0.2 0.18 0.28 0.16 
P(n=1) 0.32 0.29 0.3 0.29 
P(n= 2) 0.34 0.37 0.24 0.26 
P(n=3) 0.14 0.15 0.14 0.11 
P(n = 4) 0 0.01 0.04" 0.11" 
P(n 7 5) 0 0 0 0.07 


Let us briefly discuss this approach. Its idea is the comparison of the experimen- 
tally obtained distribution with the so-called the prior distribution, which would be 
obtained under the condition of the equiprobable energy distribution over all degrees 
of freedom of the products. Prior distributions, which we designate as P^ (NV) and 
P"(n), have a maximum entropy and, hence, give the minimum of information about 
the dynamics of the reaction. The real distribution obtained in experiment has lower 
entropy than that of the a priori one. As model trajectory calculations and analysis of 
data of numerous experiments show, the distribution functions over rotational P,(N) 
and vibrational P(n) states can be expressed through the corresponding a priori dis- 
tributions as follows: 


P,(N)= P(N )exp(-Ay fy) (6.12) 
P(n) = P*(n)exp(-An fn) (6.13) 
In = € (E - £y), Sn = Evie E 


where £y; is the vibrational energy, £o is the rotational energy at a fixed value of the vibra- 
tional quantum number n, and Ày and A, are some constants named surprisals parameters. 


It follows from (4.12) and (4.13) that the quantities 
Kn) = InP(nYP"(n) and L(N) = InP,(N)/P°(N) 


depend linearly on f, and fy. The quantities /(m) and /,(N) are named vibrational and 
rotational surprisals. Helpfulness of representation of experimental data in the frame- 
work of the information theory approach follows already from the fact that the linear 
dependence of the vibrational surprisals on fn allows the extrapolation of experi- 
mental data to the P(n) values, which cannot be experimentally measured. This pro- 
cedure of extrapolation allowed one to obtain the P(n) values marked in Table 4.7 by 
asterisk. Non-linearity of the plot of the surprisal suggests that the reaction occurs via 
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several microscopic channels resulting in the same products but with the different 
energy distributions (bimodal distribution). 


According to the considered approach, three types of distributions are possible. 
When i, = 0, the observed distribution coincides with the a priori one. At the nega- 
tive À., value, the observed distribution is “hotter” than the a priori one, and at À, > 
0, it is “cooler.” The |A,| value indicates the measure of deviation of the real distri- 
bution from the prior one. 


Tab. 4.8. Surprisal parameters for the reaction O('* D)-- RH — OH(n)+R' 


RH Aw dn 
H, -3.5 -1.4 
NH; 0 -11.0 
CH, -6.5 14.0 
CoH, -12.0° -9.0 
C3Hg -15.0 -11.4 
C(CH), -25.0 — 


* The presence of the bimodal distribution. 


For all reactions presented in Table 4.8, the experimental data on the vibrational 
distribution P(n) are well described by the linear dependence of the vibrational sur- 
prisal on f;. As for the rotational surprisal P(N), for the reactions of O( ! D) with Ho 
and NH;, the plot of the rotational surprisal is linear, and for the reaction of O( 'D) 
with various alkanes, the plot of the surprisal for n = ! is described by two linear 
functions. One of them corresponds to the linear plot of surprisal with the negative 
values of surprisal parameters (these values are presented in Table 4.8). The second 
linear function of the plot corresponds to the positive surprisal parameters (are not 
indicated in the table). This bimodal distribution P,(N) suggests that in these reac- 
tions two microscopic reaction mechanisms take place. In the first mechanism, the 
reaction occurs through the direct collinear elimination of the hydrogen atom (“cool” 
rotational distribution) and in the second mechanism, through the insertion of the 
Of 'D) atom into the C—H bond (“hot” rotational distribution). The quantitative pro- 
cessing of the experimental data for the reaction of O( 'D) with methane in the 
framework of two microscopic mechanisms results in the situation that the branch- 
ing ratio of the channel of hydrogen atom elimination with respect to the channel of 
insertion is equal to 0.05. As alkane becomes more complicated, the reaction rate in 
the channel of hydrogen atom elimination increases and reaches 0.9 for the reaction 
of O('D) with C(CH3),. 


As can be seen, the surprisal parameter for the vibrational distribution function of 
all reactions in Table 4.8 is negative. This implies that hydroxyl radicals formed in 
these reactions are much more vibrationally excited than it is expected from the sta- 
tistical distribution. This fact indicates the predominant vibrational excitation of the 
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newly formed bond. In this respect, an interesting example is the reaction of OD) 
with H2O where two -OH radicals are formed: one is formed from the newly formed 
bond, and another is formed from water. Studying the reaction 


Oo" (1p) + nj'*o > ou + OH 


the authors succeeded to show that almost all energy of the vibrational excitation is 
concentrated on the newly formed bond, whereas the excitation of the “old” bond is 
insignificant. 


Table 4.9. Experimental and theoretically calculated P(n) for the reaction 
O('D)+ H, > OH(n)+H 


P(n) Experiment Calculation 
P(0) 0.28 0.32 
P(1) 0.32 0.3 
P(2) 0.24 0.2 
P(3) 0.14 0.12 
P(4) 0.04 0.04 


Trajectory calculations are needed to obtain more detailed information about the 
dynamics of the elementary reaction. However, the potential energy surfaces of the 
reacting species, which are necessary for these calculations, are known only for sim- 
plest three-atomic systems. Table 4.9 contains the vibrational distribution functions 
for the reaction 


19 O('D)+H, > OH(n)+H 


which were obtained experimentally from the trajectory calculations performed 
using the non-empirical PES. It is seen that the experimental and theoretical P(n) 
values agree quite satisfactorily. This fact can be considered as the experimental con- 
firmation of the mechanism, which follows from the trajectory calculations. 
According to this mechanism, the OCD) atom comes perpendicularly to the axis of 
the H, molecule. As a result, a complex of the highly excited water molecule is 
formed in which bending, symmetrical, and non-symmetrical stretching vibrations 
are excited. After several bending vibrations, the H,O molecule decomposes, and 
energy of bending vibrations is transformed into the translational and vibrational 
energies of the products, and the energy of symmetrical and asymmetrical stretching 
vibrations of water is transformed into the vibrational energy of the -OH radical. 


Reactions of vibrationally excited molecules can be considered as reactions 
reverse to reaction 17 


-17) Rn) DO X * A 
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The rate constant of this reaction, which will be designated as & ;;(n—), can be 
calculated using the principle of microscopic reversibility if the rate constant of the 
reverse reaction k,;(n) is known. According to the formulas for the equilibrium 
constants presented in Table 2.1, the k ,;(n—)/ki;(n) ratio is determined by the 


expression 
: 3/2 

k (n> fp’ FF. E-€,, 

Ky (a) 7 a LÁ exp AS (4.14) 

k(n) qiu] FF k (T) 
where P" is the rotational partition function of the R particle; q and 4' are the degeneracy fac- 
tors of the reactants and products. 

Let us consider reaction 19 as an example for the calculation of the rate constant 

of reverse reactions. The rate constant kjo can be expressed, according to (4.11), in 
the form 


kio(n) = kyo(T)P(n) (4.15) 


where k,(T) 2 $ k,(— n) is the thermal rate constant of the reaction OD) tH, ÒH +H 
(at T= 300 K the ko value is close to the number of double collisions Zo). 


The values of the P(n) function are presented in Table 4.7. Knowing P(n) and 
kjo(—n), using formula (4.14), we can easily calculate the rate constants k ;9(n) of 
the reverse reactions 


19) OH(n)+H  O(! D) H, 


The calculation gives the following, values of the rate constants: ne (1) = 4:10 ut 

k 92) = 3:107, k 93) = 9 10°, and kj9(4—) = 6 10° cm?/(mol s). It is sen 
from these data that the reaction rate constant increases substantially with increasing 
the vibrational energy of the -OH radical. 


Another way of consideration of microscopic reactions is the direct study of the 
reaction involving the excited species. This approach is more often used for endoer- 
gic reactions. In this case, the excited species is obtained by laser excitation. R.N. 
Zare studied by this method, for example, the reaction of HCl(n = 1) with the CI, Br, 
and F atoms. The measured rate constants are given in Table 4.10. 


The efficiency of the vibrational excitation is compared with the efficiency of the 
translational energy of the reactants in studies in crossed molecular beams. As an 
example, we present the results of studying the reactions 


20) Sr+HF(n =0) 2 SrF +H 


21) Sr+HF(n =1) >SrF +H 


Exoenergicity of reaction 20 is 27 kJ/mol. The experiments showed that the cross 
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section of reaction 21 at a relative translational energy of 7 kJ/mol is approximately 
15 times higher than the cross section of reaction 20 at a relative energy of 54 kJ/mol. 


Table 4.10. Ratios of rate constants k(n—) of reactions of excited molecules to 
rate constant A(T) of thermal reactions 


Reaction AU,, kJ/mol k(n—K(T) TK 
HCl(n-1) +O > OH 4 Cl 0 102 300 
HCl(n-2) + Br > HBr + Cl -65 710 72 
HCl(n-1) +F > HF + Cl 120 3.7 300 


The reactions in Table 6.10 can be considered as those reverse to 17 if we accept 
that X = Cl, A = HZ, R(n) = HCl (n = 1) or HCl(n = 2), and D = Z (O, Br, CI). 


In the study of the reaction under the conditions of the Maxwell-Boltzmann dis- 
tribution over the translational and rotational energies, the efficiency of the vibra- 
tional form of the energy is judged from the comparison of k.;7(n—>) with the rate 
constant k(T) of the thermal reaction. This comparison can be performed if in corre- 
lation (4.14) k.;7(n—) is expressed through the equilibrium constant K(T) of the ther- 
mal reaction 


ke (T 
X+AG 22 2R+D 


The rate constant of reaction 17 can be presented in the form 


ky Cn) = ky (T)P(n) = K'k (T)PQU (4.16) 
Inserting this expression into formula (4.14), we obtain 
i ; 3/2 = 
feo). cae!) Fi exp] te (4.17) 
ky, (T) q\ B FoF ky T) 


Since the cofactor exp(-AU,/kg7) enters the equilibrium constant, and E = AU, 
under the condition of the zero activation energy in reaction 17, we can approxi- 
mately accept that the dependence of k(n—)/K(T) on the vibrational energy is deter- 
mined by the cofactor P(n)exp(€,;p./kg7). The qualitative criteria of the efficiency of 
the vibrational form of the energy in surmounting of the activation barrier immedi- 
ately follow from this. The vibrational energy is completely inefficient if the distri- 
bution function in the reverse reaction P(n) decreases proportionally to exp( - 
£vip/kgT). The vibrational energy is efficient in surmounting the barrier if the func- 
tion P(n) in the reverse reaction gives the inverse population of vibrational degrees 
of freedom. 


The A(n—>)/k(T) values for some reactions are presented in Table 4.10. As can be 
seen, the vibrational excitation slightly increases the rate constant in exoergic reac- 
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tions and does very strongly in endoergic reactions. 


The concepts on the efficiency of the vibrational energy in surmounting of the 
activation barrier are based on the theoretical consideration of the dependence of the 
dynamics of the elementary act on the specific features of PES. 


The qualitative consideration of the simplified two-dimensional problems corre- 
sponding to the reaction of an atom with a diatomic molecule in which all three par- 
ticles move along one line showed that two points along the reaction path are sub- 
stantial for understanding of the role of the vibrational form of the energy in the reac- 
tion. The first point corresponds to the maximum curvature of the reaction path. The 
second point is the saddle point. The position of the saddle point relative to the point 
of maximum curvature, which can also be named the turning point of reaction path, 
determines the efficiency of the vibrational energy. The transition of the vibrational 
form of the energy of the reactants to the translational energy can be efficient in the 
turning point of the reaction path due to the centrifugal effect. Therefore, it is neces- 
sary for the saddle point to be after the point of maximum curvature, and the longer 
the distance between these points, the more efficient the vibrational form of the ener- 
gy. It is known from the general rule of plotting PES that the saddle point for endo- 
ergic reactions is shifted toward the products, and for exoergic reaction, it is shifted 
toward the reactants. 


Thus, we can immediately conclude that the vibrational energy is very efficient 
for endoergic reactions, less efficient for thermoneutral reactions, and inefficient for 
exoergic reactions. The above examples qualitatively agree with these concepts. 


Similar approaches can be used for studying the efficiency of the rotational exci- 
tation in reactions. Using the data on the distribution P,(N) in reaction 16, where RH 
= NH;, we can calculate the rate constants of reactions of the rotationally excited OH 
radicals at fixed values of the vibrational quantum number. The calculations show 
that the rotational energy is efficient in the reaction -OH(0,N) + NH; — O( 'D) F 
NH3. 


Another approach (it is presented in the review by V. Grot et al.) when rotation- 
ally excited particles are obtained by laser excitation is exemplified by the reactions 


(22) Y + HF(1,N) > YF + H, (23) Y + HCIU,N) ^ YCI +H 


where Y is the alkali atom. 


These reactions were studied in crossed molecular beams or on setups combining 
the beam with the rarefied gas of another reactant. IR radiation from HF or HCI lasers 
was used to obtain HF(1,N) and HCI(1,N). The reaction products were detected by 
LIF. The results of studying the reaction K + HF(1,V) —> KF + H are presented as an 
example (Fig. 4.5). The studies showed that the shape of the cross section O(N) as a 
function of the quantum number substantially depends on the translational collision 
energy. At low translational collision energies (43 kJ/mol), the cross section decreas- 
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Fig. 4.5. Dependence of the total cross o 
section o of the reaction K + HF 
(n = LN) > KF +H on the rota- 
tional quantum number at differ- 
ent translational collision ener- 
gies. 


es monotonically with N increasing. At the 
same time, at high translational collision 0 1 2 N 
energies (116 kJ/mol) the cross section 

increases monotonically with an increase in the rotational number N. 





Experiments showed that the cross section of the reaction o(N) substantially 
depends on the light polarization and, hence, on the orientation of the molecule HF(1, 
2). These specific features of the behavior of the dependence of o(N) on the transla- 
tional energy of the reactants and polarization of the exciting light are related to 
anisotropy of the interaction of the reactants, which results in the dependence of the 
potential barrier on the collision angle of the reactants. Therefore, the reaction cross 
section is determined by the geometry of collision. 


Studies in crossed molecular beams make it possible to obtain a specific diagram 
of products scattering at different angles with respect to the direction of the vector of 
the relative velocity of the reactants. Angular distributions of the products can be of 
different shapes. Their most important characteristic is the presence or absence of 
symmetry relative to the scattering angle by 90°. This characteristic allows one to 
judge whether the direct reaction occurs or through a long-lived complex. In the case 
of direct reactions, the effective direction of the attack of the reactants corresponds 
to the asymmetric scattering of the products. The extreme case of this asymmetry is 
represented by angular distributions when the product scattering takes place pre- 
dominantly forward (~0°) or in the backward direction (~180°). For example, for the 
reaction K + CH3I — KI + CH; the product KI is mainly scattered in the backward 
direction (180^). This angular distribution can be interpreted in such a way that the 
K atom predominantly attacks the CH;I molecule from the side of the iodine atom 
coming along the axis I—C. Steric effects were checked by passing of the molecular 
beam through the electrostatic fields, which create the predominant orientation of the 
molecule (when the electric field direction changes, the orientation of molecules 
changes). Experiments showed that the reaction cross section is really greater when 
the potassium atom attacks the molecule from the side of the iodine atom. 


If the reaction proceeds through a long-lived complex, then, since many rotations 
occur within the lifetime of the complex, the memory about the direction of the 
attack is partially lost, and the complex decomposes isotropically to a certain extent. 
However, in this case, the structure of the complex reflects the angular distribution 
of the products. 
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When the translational collision energy changes, the mechanism of the elemen- 
tary act can change. The cases are known when at low energies of the translational 
motion the reaction proceeds through the long-lived complex, and the direct reaction 
occurs when the translational collision energy increases. 


4.3. Femtochemistry 


A new area of research named femtochemistry has being vigorously developed in 
the recent years. 


Experimental methods of femtochemistry are based on the achievements of fem- 
tosecond spectroscopy (see Section 3.2.11). Three main directions of this new area 
can be distinguished: dynamics of intramolecular process and transition state during 
chemical transformation; kinetics of superfast chemical reactions; and control of the 
intramolecular dynamics and elementary chemical act. These three directions are 
briefly described in the next sections. The examples are taken from the review by A. 
Zewail. 


4.3.1. Dynamics of transition state during chemical transforma- 
tion 


According to definition given by J. Polanyi and A. Zewail, the "transition state" 
is implied as the whole totality of configurations of the molecular system on going 
from reactants to products. 


As already mentioned, the coherent light femtosecond pulse, due to the great 
spectral width, excites the non-stationary quantum state, viz., the coherent nuclear 
wave package (rotational, vibrational, electronic). Figure 4.6 shows the formation of 
a diatomic molecule in the stationary and non-stationary quantum states upon light 
absorption. The bottom line designates the quantum state of the molecule, which 
absorbs the light. The potential curve of a higher electronic term is presented above. 
The horizontal lines inside the parabola are vibrational quantum energy levels. After 
light absorption, the molecule transits to the excited state. Solid lines indicate vibra- 
tional energy levels. The molecule in the non-stationary quantum state is formed 
upon its irradiation with the femtosecond light pulse, whose duration is shorter than 
the period of excited vibrations (Fig. 4.6, a), and the molecule in the stationary quan- 
tum state is formed upon irradiation with the monochromatic light (Fig. 4.6, b). It is 
seen from Fig. 4.6 that the nuclear wave package is a superposition of stationary 
vibrational states. The number of excited vibrational states is determined by the spec- 
tral width of the femtosecond light pulse Av. 


The wave function of the wave package can be found from the solution of the 
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non-stationary Shroedinger 


equation and can be present- 
ed in the form 
yt, r) = Lap,drexp(-iw,2) 
d b (4.18) 


Non-stationary quantum Stationary quantum Where @,({r) are the wave func- 
tions of K-x stationary states, ©, 


state - wave pacage state is the circular frequency of the 


Fig. 4.6. Stationa! and non-stati K-th quantum state, r is the set of 
8 ry (a) and non-stationary (b) nuclear coordinates, and a is the 


quantum states of the molecule after amplitude of probability for 


light absorption. finding the molecule in the x-th 
quantum state. 


Energy 


Summation is performed over all stationary states (Fourier components) from 
which the wave package consists. The substantial peculiarity of the wave package is 
the fact that the square of the wave function, which characterizes the probability of 
finding the nuclei at certain distances, depends on time, unlike the stationary states. 
This implies that the dynamics of the nuclear motion is manifested in the time evo- 
lution of the wave package, which can formally be considered as the *motion" of the 
wave package over the PES. The high time resolution makes it possible to detect the 
dynamics of the nuclear motion in the real time. 


The concept of the wave package was introduced in 1926 by Shroedinger; how- 
ever, it was not virtually used in chemistry. The vibrational wave package has a spe- 
cial significance for chemistry, when immediately several vibrational states are 
coherently excited in the molecular system. In this case, the intramolecular dynam- 
ics of nuclei is described by the time evolution of vibration-rotational wave pack- 
ages. Account for phase characteristics of the nuclear motion is a substantial specif- 

ic feature of this description. 


Let us consider the dynamics of the transi- 
tion state for the photodissociation of the 
diatomic molecule Nal 


Na + hv — [Na..If/ > Na +I 


This reaction is a non-adiabatic process. 
The potential curves for the NaI molecule are 
shown in Fig. 4.7. It is seen that there is a pseu- 
do-crossing between the curves of the excited 
0 0.7 15  R,nm covalent state and ionic ground electronic 
state. The femtosecond light pulse forms the 
coherent nuclear wave package in the excited 
electronic state. We mentioned above that the 
intramolecular dynamics could be interpreted 





Fig. 4.7. Potential ^ energy 
curves of the Nal 
molecule. 
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as the “motion” of the wave package over the PES. At first the wave package 
“moves” along the potential curve of the excited state, and the distance between the 
Na and I atoms increases. When the distance becomes close to the point of pseudo- 
crossing (0.7 nm), two possibilities appear: to continue the motion along the same 
potential curve or “jump” to another curve. 


Both the dynamics of the transition state [Na...I]" and the kinetics of formation 
of the reaction product (Na atom) were detected by the LIF method. Figure 4.8 
demonstrates the time plots of the fluorescence intensity I(t) for the transition state 
and for the free Na atom. It is seen that the nuclear motion in the transition state has 
an oscillatory character with considerable decay (Fig. 4.8, b). This decay is due to the 
fact that some molecules “jump” on another potential energy curve to form the prod- 
ucts, viz., the Na and I atoms. The energy of the transition state is not enough to form 
ions of the sodium and iodine atoms. 


The time dependence of the fluorescence intensity of the free Na atom has the 
stepped character (Fig. 4.8, a). Each step corresponds to the single pass through the 
pseudo-crossing. The region with the constant value of the fluorescence signal cor- 
responds to the situation when the distances between the nuclei in the transition state 
differ substantially from 0.7 nm. The ascending region of formation of the Na atoms 
corresponds to finding of the transition state near the region of pseudo-crossing. Note 
that the kinetics of formation of the Na atoms is not exponential, which is explained 
by coherency (the phase characteristics of the stationary states in the wave package 


Fluorescence intensity, rel. units 





(2 0 2 4 6 8 
Time delay, ps 


Fig. 4.8. Dependence of the fluorescence signal /(t) on the delay 
time between the excited and probe pulses: a, A = 590 
nm, the free Na atom is detected; and b, A = 615 nm, the 
transition state is detected. 
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are correlated) of the motions. Therefore, this kinetics is named coherent. When the 
kinetics is averaged over all phases of the wave packages, we obtain the exponential 
kinetics. 


The most important magnitude, which can be determined from such experiments, 
is the probability of *jump" from one adiabatic potential curve to another. It can be 
determined from experimental data using the decay of oscillations. This probability 
is named the Landau—Zener probability and can be calculated from formula (4.66), 
from which we can see that the probability of *jump" must increase with an increase 
in the relative velocity of atoms in the region of quasi-crossing. The relative veloci- 
ty of atoms should increase with a decrease in the wavelength of the exciting light 
pulse. Indeed, the increase in the decay of oscillations with a decrease in the wave- 
length of the exciting pulse is observed in experiment. It was experimentally found 
that the Landau—Zener probability is equal to 0.1 for the exciting pulse with a wave- 
length of 311 nm. 


4.3.2. Kinetics of superfast chemical reactions 


In studying the kinetics of any process, we are interested in the time evolution of 
the concentration of the reactant or product. This implies that populations of the 
quantum states should be detected rather than the dynamics of wave packages (we 
are not interested in the phase characteristics of the nuclear motion). Here the high 
time resolution and high intensity become the main specific features of femtosecond 
pulses. Different classes of reactions were studied (Table 4.11). The time scale of the 
presented reactions is given in the last column of the table. 


The first example concerns the superfast dissociation of the electronically excit- 
ed molecule CH3OOH (the class of such reactions was discussed in Section 4.1). It 
should be emphasized here that the methods of femtosecond spectroscopy allowed 
the study of the kinetics of formation of the photodissociation products, viz., the 
-CH;0 and -OH radicals, in the femtosecond time scale. 


The second example is reactions of decomposition of highly vibrationally excit- 
ed molecules in the ground electronic state (decomposition of RCO, where R = CH;, 
CH,). Interest in these reactions is due to the following circumstances. Many efforts 
were made to create under light irradiation vibrationally excited molecules with a 
needed intramolecular vibrational distribution. The purpose of these studies is to con- 
trol the direction of decomposition to desired products by the creation of different 
intramolecular distributions. However, it turned out that the majority of unimolecu- 
lar reactions during photoactivation proceed according to statistical laws. This is 
related to the fact that the intramolecular energy redistribution occurs within 0.1-1 ps, 
which is usually faster than the decomposition of highly vibrationally excited mole- 
cules. It is needed for control of the yield of decomposition products that decompo- 
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Table 4.11. Examples of studying the kinetics of chemical reactions in the fem- 
tosecond time scale 


Classes of reactions Examples of reactions t, fs 


Direct reactions of decomposition d x 
of electronically excited species CH,OOH — CH 0 OH ~100 


Reactions of highly vibrationally ^CH,COCH,—*^— CHO «CH ~50 
excited molecules in the ground 


electronic state CH,CO' 2 CH,+CO 
Reactions of highly electronically 
excited molecules CH,I, —“>:CH, +I, ~50 
Bimolecular reactions in the _ IHCO; - VDWC 1000 
Van der Waals complex (VDWC) H+CO, ~OH+CO 


sition occurs more rapidly than the intramolecular redistribution of the vibrational 
energy. This requires, in turn, very fast excitation of the molecule to high energies, 
which can be achieved by femtosecond pulses. When the parent acetone molecule 
decomposes (excitation energy 775 kJ/mol), the highly vibrationally excited radical 
CH;CO is formed mainly in the ground electronic state. The distribution of the 
vibrational energy at different degrees of freedom of the radical is non-equilibrium. 
Its decomposition is tenfold slower than that according to the statistical RRKM the- 
ory when the vibrational energy at all degrees of freedom is uniformly distributed. 
This divergence with the statistical theory is associated, most likely, with the fact that 
less vibrational energy is released on the reaction coordinate than it was assumed in 
the calculation. This implies that the most part of the released vibrational energy is 
at other degrees of freedom, namely, which are not involved in decomposition. 
However, even the portion of the vibrational energy, which released on the reaction 
coordinate, is sufficient for the radical to decompose more rapidly than the transfer 
of the vibrational energy to the reaction coordinate along the C—C bond. This exam- 
ple shows that the use of femtosecond pulses makes it possible to obtain such high- 
ly vibrationally excited molecule, whose decomposition does not obey statistical 
laws, i.e., the possibility to control the intramolecular vibrational distribution appears 
and new reaction channels can thus be performed with the formation of products, 
which cannot be obtained when the reaction is carried out under traditional condi- 
tions. 


The third example in Table 4.11 is the decomposition of the highly electronical- 
ly excited molecule CHI, during multiphoton light absorption in the visible spectral 
range. The following peculiarities are observed: due to the multiphoton absorption of 
the visible light, the molecule is excited to 1150 kJ/mol; not iodine atoms but molec- 
ular iodine is formed in the products; the reaction product (iodine molecule) exists in 
the non-stationary quantum state; the reaction occurs within 50 fs. This example 
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demonstrates the possibility of femtochemistry to study reactions involving highly 
electronically excited molecules. 


The fourth example represents bimolecular reactions in Van der Waals complex- 
es. It is difficult to determine the momentum of encounter (the start of the reaction) 
for bimolecular reactions. Therefore, the question arose: can femtochemistry study 
bimolecular reactions? The following approach was developed. The Van der Waals 
complex (for example, IHCO;) including one of the reactant molecules (for example, 
CO») and HI molecule is created in the supersonic molecular beam. Under the action 
of the exciting femtosecond light pulse, the H—I bond is cleaved (HI + hv — I + H) 
and the hydrogen atom is formed, which reacts with the CO; molecule. In this case, 
the moment of launching of the exciting pulse can be accepted as the zero time 
moment. The probing pulse detects the -OH radical in different moments after the 
action of the exciting pulse. Thus, the kinetics of -OH radical formation is detected, 
that is, the kinetics of formation of one of the products of the bimolecular reaction H 
+ CO, — OH. The study of this reaction by the indicated method found that the reac- 
tion proceeds through the long-lived complex. If the structure of the complex is 
known (the methods of femtochemistry allow one to study the structure of mole- 
cules), the possibility appears to study the bimolecular reaction with the specified 
rate and impact parameter. 


4.3.3. Control of the intramolecular dynamics and elementary 
chemical act 


The specificity of controlling the intramolecular dynamics in femtochemistry is 
that femtosecond pulses act upon not the initial state of the reactant but the transition 
state, whose time evolution is monitored. The first method for controlling is the per- 
formance of non-adiabatic electronic transitions of the transition state under the 
action of femtosecond pulses. The high time resolution allows one to “follow” the 
change in the transition state in order to act on the system by other femtosecond light 
pulse in the needed moment and transit the reacting system to other electronic state. 
Another method for controlling is to create at the zero moment different nuclear 
wave packages to which different nuclear dynamics correspond. This can be per- 
formed changing the phase characteristics of the femtosecond light pulse. Below we 
present the example of this controlling the reaction. 


Before speaking about experimental results on controlling the reaction, we 
explain what is implied for phase characteristics of the light pulse. The electromag- 
netic field strength can be written in the form 


E = Acos(oy + BP/2) 


where A is the envelope of the pulse, œ is the carrier frequency, and p is the phase modulation 
(chirp). 
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The B value is responsible for the phase characteristics of the femtosecond pulse. 
It can be positive, negative, or equal to zero. If the absolute values of the phase mod- 
ulation (chirps) of two pulses are equal and the signs are different, only the time 
dependence of the instant frequency o (o = @, + Br) changes within the spectral 
width of the pulse. This implies that the sign of the chirp indicates which frequencies 
act on the molecular system at first and which frequencies act later. The pulse spec- 
trum remains unchanged. If B — 0, all frequencies irradiate the molecule simultane- 
ously. If B > 0, the molecule is first irradiated by low and then by high frequencies. 
And on the contrary, if B < 0, the molecule is first irradiated by high and then by low 
frequencies. Thus, even if all parameters of the pulse remain unchanged and only the 
sign of the chirp changes, the phase characteristics of the wave package formed by 
this pulse change. This can result in a change in the nuclear motion and, in turn, the 
yield of the products. 


The first experiments in this direction were performed in studying the depend- 
ence of the intramolecular dynamics of diatomic molecules in the absence of the 
chemical reaction. It was shown for the I, molecule that the change in the sign of the 
chirp of the exciting femtosecond pulse substantially changes the intramolecular 
dynamics of the vibrational motion of atoms. Similar results were obtained by the 
study of the dynamics of rotational wave packages. 


The work of M. Dantus, where the photodissociation of CHI, was studied, con- 
firmed that the chirp of the exciting pulse affects the direction of the reaction yield. 
It is known that at high energies of electronic excitation dissociation proceeds via 
two channels 


(CH,LY >:CH, +1, (CHJj' 2CH J 4I 


The excited molecule (CH;L* was formed during the multiphoton absorption of 
the light with à = 312 nm and 624 nm. The dependence of the yield of molecular 
iodine on the phase characteristics and intensity of the femtosecond light pulse was 
studied. The dependence of the yield of the products on the chirp of the exciting 
pulse is of greatest interest. The experimental data when the exciting pulse is cen- 
tered to a wavelength of 624 nm are presented in Fig. 4.9. All data are normed to 
unity at the zero value of the chirp. It follows from the thermodynamic estimations 
that the reaction can occur upon the absorption of six photons. This means that the 
excitation energy is approximately 1150 kJ/mol. It is seen in Fig. 4.9 that the maxi- 
mum yield of the product is observed at the chirp equal to —500 fc-1, and the mini- 
mum yield is observed for a chirp of +2400 fs”. The yield of the product changes by 
several times depending on the chirp. Experiments with the multiphoton excitation 
ofthe studied molecules by pulses centered at a wavelength of 312 nm were also per- 
formed. In this case, the substantially different dependence of the yield of molecular 
iodine on the value and sign of the chirp is observed. Effects caused by the chirp 
reflect the characteristics of the potential energy surface, and the obtained results 
unambiguously show that the phase characteristics of the femtosecond light pulse 
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Fig. 4.9. Dependence of the yield of I2 on the phase 
modulation. 


can be a tool for controlling the yield of products and reaction rate. 
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Part 3 


Chemical reactions in liquid phase 


Chapter 5 


Diffusion-controlled reactions in solution 


5.1. Brief characterization of the liquid state of matter 


The liquid state of matter is intermediate in its physical properties between the 
solid and gaseous states. Chemists who study reactions in solution deal with the so- 
called normal liquids, very rarely they deal with liquid crystals, and do not virtually 
work with quantum liquids. In the absence of external actions, normal liquids are 
macroscopically uniform and isotropic. A liquid is close to a solid in many proper- 
ties, especially near the melting point. As a solid, a liquid has the interface and with- 
stands strong tensile forces without rupture. The liquid and solid have close values of 
density, specific thermal capacity, specific thermal conductivity, and electric conduc- 
tivity. All this is a result of tight contact between molecules in the liquid and solid. 


The strong intermolecular interaction of particles in liquid results in the fact that 
the liquid retains its volume, has the interface and surface tension. In gas at a low 
pressure (p « 1 MPa) the distance between molecules is much longer than the size of 
the molecules, whereas in liquid, by contrast, almost the whole volume is occupied 
by molecules of the substance. Increasing the pressure in the gas, one can create the 
density of the gaseous substance close to that of the liquid. However, the distinction 
between the gas and liquid is that the gas always occupies the volume of the vessel, 
and the liquid always has its intrinsic volume. This distinction is based on the cir- 
cumstance that in the gas the kinetic energy of a molecule is higher than the energy 
of intermolecular interaction, while in the liquid, by contrast, molecules interact (are 
attracted) more strongly than they are repulsed on collision. 


The main distinction between the liquid and solid is that the liquid possesses flu- 
idity, and the solid retains its shape. This follows from a great difference in molecu- 
lar mobility. For example, gold atoms in liquid mercury diffuse with the coefficient 
D — 80 ms, while for gold atoms in metallic silver D = 2-10% ms! (285 K). 
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In turn, such a great difference is a consequence of the different structures of the solid 
and liquid. In the solid crystalline body molecules, metal atoms, or ions are in the 
nodes of the crystalline lattice where they execute a vibrational motion. Particle dif- 
fusion occurs due to migrations of vacancies of the crystalline lattice. In the liquid, 
as shown by X-ray diffraction analysis, only the short-range order exists between 
molecules, which is rather rapidly violated, so that each molecule migrates at a dis- 
tance of the molecular diameter within the time of an order of 10 9-10? s, which cre- 
ates a high (as compared to solids) molecular mobility. 


Liquid, as an aggregate state, exists in a specific temperature interval Tn - Ter 
Near Tn the liquid is close in physical properties and structure to the solid. Molecular 
mobility and intermolecular distances increase with heating. The higher and closer to 
critical the temperature, the closer the properties and behavior of the liquid to those 
of the gas. However, far from the critical temperature (T < T,,) the liquid is closer to 
the solid than to the gas. In particular, it follows from a comparison of enthalpies of 
melting and evaporation: AHm < AHyap. For example, for benzene AH, = 11 kJ/mol 
and AHyap = 48 kJ/mol, i.e., the transition of the substance from the solid to liquid 
state requires a much lower energy consumption than that from the liquid to vapor- 
like state. 


The kinetic theory of liquids developed by Ya.I. Frenkel considers a liquid as a 
dynamic system of particles resembling in part the crystalline state. At temperatures 
close to the melting point, the thermal motion in liquids is mainly reduced to har- 
monic vibrations of particles near some average equilibrium positions. Unlike the 
crystalline state, these equilibrium positions of molecules in liquid have a temporal 
character for each molecule. After vibrating near one equilibrium position for some 
time t, a molecule jumps to a new neighboring position. This jump occurs with the 
energy consumption U, then the time of “settled” life t depends on temperature as fol- 
lows: 


T= To exp(U/RT) (5.1) 
where T, is the period of one vibration near the equilibrium position. 


For water at room temperature t = 10:7 S, t, = 1.4.1 o”? s, i.e., one molecule, exe- 
cuting about 100 vibrations, jumps to the new position where continues to vibrate. 


In the crystalline solid particles (atoms, molecules, ions) exist in nodes of the 
crystalline lattice for a very long time, here particles are arranged in both the short- 
and long-range orders. The data of X-ray and neutron scattering allow the calculation 
of the function of density distribution of particles depending on the distance r from 
one particle chosen as a center. For the long-range order, the function p(r) has sev- 
eral distinct maxima and minima. In liquid, due to a high mobility of particles, only 
the short-range order is retained. This follows clearly from X-ray diffraction patterns 
of liquids: function p(r) for the liquid has the distinct first maximum, diffuse second 
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maximum, and then p(r) = const (Fig. 5.1). This implies that only the short-range 
order exists in liquid, and at distances far from a particle the arrangement of particles 
is chaotic as in gas. The kinetic theory of liquids describes melting as follows. 
Vacancies (holes) always exist in a minor amount in the crystalline lattice of solids. 
They migrate slowly over the crystal. With the temperature increase, the amplitude 
of thermal vibrations of particles in the lattice nodes and the number of defects in the 
crystalline lattice increase. The closer the temperature to Tm, the higher the concen- 
tration of holes and the faster their migration over the sample. At the melting point, 
the hole formation process gains a cumulative character, particles become mobile, 
the long-range order disappears, and fluidity appears. The decisive role in melting 
belongs to the formation of a free volume in liquid, which makes the system fluid. 
The free volume in liquid is, to some extent, a sphere somewhat higher than that in 
crystal, where a particle vibrates and, to some extent, it has the shape of volume fluc- 
tuations commensurable with the particle volume, that is, holes, whose migrations 
over liquid makes it fluid. At temperatures close to the melting point the liquid 
microstructure is similar to that for the crystal. With the temperature increase the 
intensity of jumps of molecules from one position to another increases because the 
concentration of holes in liquid and rate of their migration increase. The number of 
molecules in the first coordination sphere decreases. The liquid, as a system of par- 
ticles, becomes still more mobile, the particles move more rapidly, and their mutual 
arrangement becomes more chaotic. Near the boiling point the chaotic motion of par- 
ticles in liquids now resembles particle motion in the dense (compressed) gas. 


It is clear from the aforesaid that the most important distinction between the liq- 
uid and solid crystalline body is that the liquid contains a free volume a considerable 
part of which looks like holes, whose migration over the liquid imparts fluidity to it. 
The number of 


these holes, their W a 

volume and 

mobility, depend 1.0 2224-— - 
on the tempera- 05 = 

ture. At a low 0 [| t t 


temperature the 
liquid, if it has not 
been transformed 
into a crystalline 
body, becomes an 
amorphous solid 
with a very low 
fluidity due to a 
decrease in the 


volume and Fig. 5.1. Density function W of particle distribution at different dis- 
mobility of the tances R = r/r, (r, is the particle radius): a, in gas; b, in liq- 
uid. 
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holes. 


The statistical theory of liquids based on calculations using high-performance 
computers is successfully being developed in the recent decade along with the kinet- 
ic theory. 


5.2. Reactions controlled by molecular diffusion 


Various bimolecular reactions with a very wide range of rate constants from 
10° to 10'° l/(mol-s) occur in solution. Activationless reactions, in particular, the 
recombination of atoms, ions, and many radicals, occur very promptly. In liquid the 
rate of such processes is determined by the frequency of bimolecular encounters and 
depends on diffusion. 


When particle-reactants after encounter in solution react with each other more 
rapidly than come apart, the reaction of this type is diffusion-controlled. The role of 
diffusion in fast chemical reactions and physicochemical processes in liquid was con- 
sidered by M. Smoluchowski (1917). Later S. Chandrasekhar (1943), F. Collins and 
G. Kimbell (1949), T. Waite (1957), and R. Noyes (1961) dealt with this problem. A 
substantial difficulty in the solution of the problem is that each elementary act of the 
fast reaction is a microscopic process; however, laws of macroscopic diffusion are 
used for its description. Nevertheless, this problem can be solved with several 
assumptions and careful consideration of boundary conditions. 


The problem was solved under the following assumptions. Particle-reactants A 
and B are in the state of thermal equilibrium with the medium, which is considered 
as a continuous isotropic continuum. These particles diffuse according to the laws of 
macroscopic diffusions, i.e., in agreement with Fick's law, which is valid in the 
absence of high gradients. This, however, is violated for the convergence and inter- 
action of particles A and B, which react rapidly. The boundary conditions are deter- 
mined by the chemical reaction occurred in the system. Particle B is considered as 
fixed, and particles A migrate with the diffusion coefficient D = D, + Dg. The con- 
centration c of particles A in the vicinity of particle B, which is considered as a 
sphere of the radius R = r4 + rg, depends on the distance r and time ¢ and is described 
by the following equation (c, is the concentration of molecules B at the distance r 
from A, and J is the diffusion flow): 


C, = €, - J/AtrrD (5.2.) 


If the reaction does not violate the concentration of molecules B in the vicinity of 
molecule A, it would occur with the rate v = k c. c4. Since the chemical reaction vio- 
lates the concentration distribution, J = kc „g> and the concentration of A.B pairs is 
the following: 
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Cap = C. (1 + KAnrAgDAg) | (5.3) 


and the experimentally measured rate constant 


Kx, = AnrD (1 + 4trDk'') (5.4) 


In the limiting case where each collision of the reactants results in the reaction, 
kexy = 4n7D, and ifr is expressed in meters, D in m/s, and kin l/(mol-s), then 

kexp = 4:10°mrDL (5.5) 

This expression is valid for k >> 4nr D, which is not always fulfilled. An accurate 

choice of boundary conditions is necessary for a more rigid solution. The solution of 


this problem for nonstationary conditions, where at t = 0 in the whole space around 
A at the distance exceeding r the concentration of B is equal to cg, has the form 


z : (5.6) 
1440 rDk ' An (D 


where x = (Dt)? (1 + k/4nrD)/r and erfc(x) is the function of errors. 
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At not very short times when (D)? (1 + k/4nrD)/r >> 1, for the rate constant cal- 
Ty 


culated from experimental data we obtain 


E 4T rD " r 
1440 rDk" | (nrD)^ (1* 4n 7D) 


(5.7) 


This formula is valid in the normal liquid for t >> 10” s and is transformed into 
Eq. (5.4) at t > 107 S; however, in glasses and solid polymers it can be applied at 
rather long times (1 = 10°+10° s). 


Although the expressions presented above describe satisfactorily experimental 
data, their approximate character is worthy of notion. Noyes marks the following five 
distinctions of real systems from systems with ideal diffusion described by Fick’s 
laws. 1. The solvent is not an isotropic continuum, and this is significant when reac- 
tants are drawn together at a distance of several molecular diameters. 2. The incre- 
ment of diffusion displacement is often close to the size of a molecule, however, 
along with this, it can be much more smaller, and facts indicating this are available. 
3. The motion of molecules A includes inevitably correlated motions of neighboring 
molecules B, which is ignored by the theory. 4. The presence of other molecules A 
perturbs the concentration gradient of molecules B around isolated molecule A. 
Therefore, the spherical symmetry of the concentration gradient is valid, rigidly 
speaking, only at infinite dilution. 5. The average concentration of molecules B in the 
solution is close to their concentration at the infinite removal from A for infinite dilu- 
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tion of molecules A in the solution. 


Diffusion controls such processes as the recombination of atoms: below we pres- 
ent rate constants of recombination of several atoms at 300 K 


Atom (solvent)............. H(H5O) Br(CCl4) I(CCL) 
2k(t)10^, V(mols)...... 20 20 19 


Reactions of recombination and disproportionation of alkyl radicals are diffusion- 
controlled 


Radical... CH; C-H; CH4CH;CH; CH4CH;CH; 
Solvent (300 K).....Cyclohexane Cyclohexane Cyclohexane Benzene 
2k; 10°, V(mol-s)...... 10 6.4 3.4 0.4 


The greater the radical volume, the slower its diffusion, which agrees with the 
hole theory of diffusion. In benzene the alkyl radical diffuses more slowly than in 
cyclohexane due to the formation of complexes of the radical with solvent, which 
Jecreases, naturally, the rates of diffusion and, correspondingly, recombination. 


Many alkoxyl radicals recombine with the diffusion rate constant 


Radical HO (CH;}} CÒ PhÓ PhNH (CH3)3 Si 
Solvent (300 K) H20 cel H,O HO —[((CH);CO}, 
2k; 10°, W(mol-s) 10 0.2 5.6 1.5 5.5 


Considering radical and atom recombination, one should keep in mind that, when 
having got into one cage, a radical pair reacts in the case where their spins are 
antiparallel, and the probability of formation of these pairs is equal to 1/4. Therefore, 
for radical recombination the rate constant (-d[R:]/dt = 2k, [RY is the following: 


2k, = kp = 4nrD-1/4 = nrD = 2RT/3000 N (5.8) 


The temperature run of kp is determined by the activation energy Ep, which is 
close to the B value in the dependence of n on T: N = n, exp(B/RT). The B values in 
kJ/mol for several solvents are presented below. 


CCl, ©H;OH  CH,COOH (CHj5CO CH H,O 
9.9 13.5 11.1 6.7 6.9 16.8 


It is seen that in low-viscosity solvents the activation energy of diffusion changes 
within limits of 5+15 kJ/mol. The same figures are obtained when Æp is estimated 
through AHvap (Ep = Y3AH,4). 


The formulae presented above describe the diffusion and collision of two neutral 
particles. The situation changes when reactants are charged particles, i.e., ions or rad- 
ical ions. Long-range forces of attraction or repulsion appear between such particles, 
which is, reflected, of course, on the frequency of their diffusion collisions. 
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In this case, the diffusional flow of molecules B to molecule A depends on the 
potential of interaction U of particles A and B rather than the gradient of concentra- 
tions of particles B and is described by the differential equation (P. Debye, 1942) 


m Cg c (5.9) 


dr kt dr  AnrD 
whose solution results in the expression similar to (5.7) with the distinction that reff 
should be written instead of r. The r,4 value is determined by the expression 


ris few war) cin? (5.10) 


E 


Atoms or unlikely charged metal ions meet in the cage and immediately enter into 
the reaction, whose rate is limited by translatory diffusion. Many radicals, in partic- 
ular, hydroxyl, alkoxyl, alkyl, and phenoxyl radicals, react in the same way. For such 
reactions k,,,~ t| and 


kep = kp = 4-10 RDrL (5.11) 


However, among reactions of radical recombination, there are such reactions for 
which keg << kp but kexp ~ n, i.e., they are not limited by the translatory diffusion 
of reactants but depend, nevertheless, on the molecular mobility of the environment. 
They were named “pseudo-diffusion” reactions. They are the recombination of 2,6- 
disubstituted phenoxyls, whose substituents are phenyl, methoxy, and tert-butyl 
groups. They are characterized by proportionality kexp ~ n but kexp is by 1, 2 or 3 
orders of magnitude lower than the calculated kp value. This phenomenon can qual- 
itatively be explained as follows. 


These reactants possess anisotropic reactivity: the reaction occurs at a certain 
mutual orientation, which does not take place at each collision. In the first approxi- 
mation, these reactants can be considered as spheres each of which has a small reac- 
tion spot. The reaction occurs when the spheres collide by their spots. The reaction 
occurs without an activation energy. The size of the spot in the form of a circumfer- 
ence on the sphere-reactant can be characterized by the angle q, the relative surface 
area of the spot on the sphere is equal to sin^(9/2), and the probability of collision 
with the favorable mutual orientation of two identical particles is sin(0/2). This is 
the geometric steric factor P, = sin*(9/2) or P, = sin (0,/2)sin (05/2) if the sizes of 
the spots differ for A and B. After collision the particle-reactants exist near each 
other for some time and turn relatively to each other. The rate of turn of the particles 
depends, naturally, on viscosity because the coefficient of rotational diffusion 
depends on viscosity 


D, = kT/8nnr° (5.12) 


This results in an increase in the steric factor because the probability of collision 
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of the reactants by their reaction spots increases due to the cage effect. Several math- 
ematical models describing this interaction are considered in literature. All of them 
give rather close Pi values calculated from P,. The reaction of this type (without an 
activation energy with P, «« 1) occurs with the rate constant 


kop = 410 MDL rege (5.13) 
where eg = (3/16)rnsin (0/2). 


When 0 is a sufficiently small angle and rg << r, we deal with the reaction, whose 
rate is limited by the rotational diffusion of particle-reactants, and the term “pseudo- 
diffusional” is unsuccessful. 


Taking into account the mutual orientation of particles in the cage, the bimolecu- 
lar reaction of A with B can be presented by the following simple kinetic scheme, 
which takes into account in the simple form both the translatory and rotational 
motion of the particles (P is the steric factor, and nr is the rotation frequency of par- 
ticles): 


kp {I-P)} Py, * v 
——À—Ó A.R--— R SES 
ABE A B(A B) Eg A +B 
LP tk. 
Products 


This scheme allows us to distinguish 3 limiting cases. 


1. The reaction occurs very slowly (kP? << vp, kP << v,), so that this is the 
chemical interaction which limits the process. In this case, kexp = k.Kag << kp and 
Kkexp is independent of the viscosity of the solution. 


2. The reaction in the cage occurs rapidly, and the particles are rapidly oriented 
in the cage (kP ! »» vp, Pv, >> vp). In this case, the reaction is limited by transla- 
tory diffusion, Kj, = Kp. 


3. The oriented particles react rapidly (k, >> Pv,, ke >> Pvp) but the steric factor 
is low, so that the rate of mutual orientation of particles limits the process. In this 
case, Kay = V,PK,p. The reaction rate constant depends on viscosity (v, ~ n) but is 
much lower than kp. The last two cases where P" is very high can be combined by 
one expression 


1 1 
= — + 
ko Kp Key, P 

At a sufficiently high P where Kapv,P >> kp, kexp = kp, the reaction is limited by 
translatory diffusion. By contrast, at low values of the steric factor the process is lim- 
ited by the rate of particle-reactant orientation and kexp kexp = Kapv,P. In both cases, 
we have diffusion-controlled reactions: in the first case, translatory diffusion is lim- 


i 


(5.14) 
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iting, and in the second case, rotational diffusion limits the process. 


5.3. Cage effect in liquid 


5.3.1. Experimental evidence 


When molecules dissociate in the gas phase, the formed radicals immediately fly 
apart. In liquid these radicals are surrounded by molecules creating a cage, and a pair 
of radicals is present for some time in this cage until they react or one of the radicals 
diffuses from the cage. 


The time of existence of a pair of particles in the cage for low-viscosity liquids at 
300-400 K is 1079-10? s. This concept of the cage was formulated by J. Franck and 
E. Rabinovich in 1934 and naturally followed from the kinetic theory of liquid by 
Ya.I. Frenkel. 


During the decomposition of molecules to radicals, the cage effect is manifested 
as follows. 


1. In the gas phase, the quantum yield of dissociation of a molecule to radicals 
(atoms) is equal to unity. In the liquid phase it is much lower than unity because the 
radicals that formed partially recombine in the cage. For example, for iodine disso- 
ciation in CCl, at 298 K the quantum yield = 0.14, and for bromine under the same 
conditions = 0.22. For the photodissociation of azo compounds in a solution $ = 
0.25+0.10. 


2. For the same reason, at the thermal decomposition of an initiator in the liquid 
the rate constant of radical generation k; = 2ek, where k is the decomposition rate con- 
stant, e < 1, and e is the probability of radical escape to the volume. 


3. The cage effect affects the product composition: products of the intracage 
recombination of radicals are formed. For example, the decomposition of 
azomethane in isooctane gives 65% ethane calculated per decomposed azomethane, 
whereas in the gas phase only about 3% ethane are formed among its decomposition 
products. Such a great difference is the result of an intense intracage recombination 
of methyl radicals. However, when the yield of ethane in azomethane photolysis in a 
solution is extrapolated to n — 0, it is close to unity. 


4. Experiments on cross radical recombination provide the distinct evidence of 
the intracage recombination of primarily formed radical pairs in the solution. 
According to the probability of recombination of the -CH; and -CD, radicals, the 
photolysis of an equimolar mixture of azomethane and perdeuterioazomethane in the 
gas phase affords ethane molecules in the ratio C;H&:C;H3D4:C;Dg = 1:2:1, where- 
as in a solution of isooctane C,H, + C;D, is 75%, that is, the predominant recombi- 
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nation of the -CH; + -CH, and -CD, + -CD; pairs occurs in the cage. The thermal 
decomposition of a mixture of CH;COOOCOCH; and CD;COOOCOCD, in a solu- 
tion also results in the predominant formation of C,H¢, CDe, CH;COOCH3, and 
CD4COOCD. Some amount of nonsymmetric dimers is formed by the photolysis of 
a mixture of normal and perdeuterated diacylperoxide in pentane. However, the yield 
of these dimers decreases sharply in a medium of more viscous decalin. 


5. The influence of viscosity on molecule decomposition and efficiency of initi- 
ation are tightly related to the cage effect. When the initiator decomposes to radicals 
with the cleavage of only one bond, the radicals that formed can recombine again 
with some probability to form the initial molecule 


ROOR 5 RO: + RO > RO + RO 


The higher the viscosity of the solvent, the lower the rate of radical escape from 
the cage and the higher the probability of the inverse reaction. Therefore, in these 
cases, the higher the solvent viscosity, the lower the experimentally observed rate 
constant of the reaction. On the other hand, with an increase in viscosity e decreases 
and k; = 2ek. 


6. The decomposition of an optically active substance, if it occurs with the cleav- 
age of one bond, is accompanied by the racemization of a portion of the nondecom- 
posed substance. Racemization is a result of radical recombination in the cage. For 
example, the photolytic decomposition of optically active 2-phenyl-2-azobutane in 
hexadecane is accompanied by its racemization, and after decomposition to 40% the 
remaining substance is racemized by 26%. 


7. When acyl peroxides and some peresters labeled by 150 at the carbonyl group 
decompose, isomerization is observed, namely, the transition of 180 from the car- 
bonyl to peroxide group. Isomerization occurs due to the recombination of the radi- 
cal pair in the cage 


180 180 
NI res 
7 UN : 
RCOOCR —- RC (E + oR RCO, + RCO, 
o o 


(6) "4 s 180 


| | 


RCBO—!8OCR RC—18$0—0—CR 
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5.3.2. Kinetic schemes of cage effect 


When the decomposition of a molecule occurs with the cleavage of several 
bonds, the products of intracage recombination differ from the initial substance 


k R+R 
k, oe 


R-RE R+R 
ka PON 
€ Molecular products 


in this case e = kp/k; = kp/(kp + kc) or le = 1 + kokp. If the molecule decomposes 
with the cleavage of one bond and the radicals that formed escape to the volume or 
recombine to form the initial molecule or other products according to the scheme 


K R+R+X 
R—X—R Z—tT R+X+R 


P 











R—R+ X 

then 

ky /x 

= ; x= k +k, +k 
1-k,/x DTREIS 
and this coincides with the equation of the preceding scheme &!- 1 + Kofkp, 
b If k 
— = l+—— | (5.15) 
ka k ket kp 


The consideration of the cage effect in the framework of the simple kinetic 
scheme ignores the following circumstance. When escaping from the cage, two rad- 
icals can meet again due to diffusion. The probability of this collision when radicals 
are close to each other is higher than that of collision with a radical from another 
cage. Therefore, in several works the cage effect is considered in the framework of 
the diffusion model. 


5.3.3. One-dimensional translatory diffusion in isotropic 
medium 


The decomposition of a molecule in liquid results in a pair of radicals at the dis- 
tance | from each other. The liquid contains a radical acceptor in the concentration c4 
reacting with radicals with the rate constant k4. Due to the Brownian motion, the dis- 
tance between the radical centers changes continuously. The radical pair disappears 
when one of the radicals reacts with the acceptor or two radicals come together at a 
distance equal to the sum of radii of two particles 2r and react with the rate constant 
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ke- The medium is considered as a continuum with viscosity 1. 


The distribution function of radical pairs in this system is described by the diffu- 
sion equation 


(Dix)d*(nx)/dx? - 2kanca = 0 (5.16) 
where x is the distance between radical centers, and n is the concentration of radical pairs. 


The solution of this equation for the boundary conditions (n = ng at x = 2r and n 
= 0 at x — oo) gives the following expression for the probability of radical escape 
from the cage: 
2r exp|-a(£-27)] 


epe teu 
£ 1e 8nrD(? *2ar)/ ke 


(5.17) 


where a = 2k4cA/D. 


Let us estimate the 2ar value, i.e., the contribution of the acceptor to the disap- 
pearance of radical pairs. Accepting ką = 10° I/(mol-s) (maximum value), ca = 10° 
M, D= 10° cm’/s, and r - 2.10? cm, we obtain 2ar = 107, i.e., 2ar << |. Thus, even 
very active radical acceptors cannot affect the cage effect. 


Equation (5.17) can be simplified 
FER ORS (5.18) 


or 
ezi-Z (1480 /D/k)" (5.19) 


Experimental data on azomethane photodecomposition in various solvents agree 
with equations (5.18) and (5.19) and for the l/2r ratio give a value of 1.1. 


Noyes developed the theory of cage effect applied to halogen photodissociation 
in a solution considering the solvent as an isotropic viscous medium. When a biatom- 
ic molecule with the bond energy E absorbs a photon with the energy hn, it dissoci- 
ates to atoms. The energy excess hv — E is transformed into the kinetic energy of 
atoms Av — E = 1/2mu;, which move in the viscous medium and lose an excess of the 
kinetic energy. Considering a ball with the weight m and radius r, for the change in 
the rate of its motion u in the viscous medium we have 


-du/dt = 61rnu/m and u = ugexp(-6nrmt/m) (5.20) 


During the time t the atom passes the way s 


s= [udt =(mu,/6nr DE -exp( -6 mmt /m). (5.21) 


148 Cage effect in liquid 


The full distance at which the atoms come apart to the moment when u = 0 is the 
following: 


s, = 2r+(2mu,/ 6my) 22r (Vm / 3 nh v-E)^ (5.22) 


According to this model, when thermal dissociation occurs, atoms go apart with 
the rate u, = (3k7/2)"?, and the distance at which they diverge is the following: 


5, = 2r + (mkTl6) ^ innr (5.23) 


The quantum yield of atom dissociation, taking into account the possibility of 
their repeated collision and recombination, is  - | — 4r^Is d. The © values calculat- 
ed using this formula agree satisfactorily with experimental values for such energies 
hn when sp is much shorter or much longer than the diameter d of the solvent mole- 
cule. A bad correspondence is observed for s, = r, that is, the approximation of a dis- 
crete medium consisting of molecules by a continuous viscous continuum is unsatis- 
factory. 


Somewhat different dependence of e on n was obtained experimentally and 
derived theoretically by T Kóenig for the decomposition of initiators including the 
concerted and unconcerted decomposition: 


O 


ii Er t : ky : 
RCNOC(CH;), —> RCO, + N, + OC(CH), ——> RCO, + (CH,),CO + N, 


No / N 
ks ke 


; ; RCO,OC(CH,); + N, 
R * CO, + N, + OC(CH,) 


p 
R+CO, +N, + OC(CH,), 


The yield y of the decomposition product RC(O)OOC(CH3); is related to the rate 
constants of the reactions of radical pair transformation by the following correlation 
y ke Kk. 


The rate constant of diffusional separation of the radical pair in the time-depend- 


(5.24) 
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ent form can be expressed through the ratio 
kp = rfp - rt (5.25) 


where r is the root-mean-square displacement of radical centers for time f£; p is the collision 
diameter of particles; r, is the distance between the centers of particles at the initial moment. 

According to the theory of Brownian motion, r = (2p1)"” z where D is the diffu- 
sion coefficient of the radical pair. From this 


1/2 k y2 k 
Exec x Eque LA qq 
t k.(p-5) ke y t k(p-) ke 


The characteristic time within which the radical pair can escape from the cage is 
restricted by the lifetimes of the pair in competing processes, namely, t and Te, 


la 3 const ee (5.27) 


y 4n 


If there is no route B(tg = œ), then 1/y — 1 depends linearly on 1/n ^. For the 
decomposition of RCO: to R: and CO,, an interception is observed in the (1/y — 1)- 
1/n plot. 





1/2 


Assuming the following dependence between kp and n: 
n 7 Ayexp(E/RT); kp = Epexp(-Ep/RT) 


then for kexp we obtain the function (Ep = 0.5Ey) 


kl awk + ka yn 


up ——Tu 5.28 
BO U aM (5.28) 


The extrapolation of k^. to  — 0 allows the determination of k', and the depend- 
ence of kexp on n helps to make choice between the concerted and unconcerted mech- 
anisms of decomposition. 


5.3.4. Quantitative data on cage effect 


The higher the solvent viscosity, the higher the fraction of cage pairs recombin- 
ing to form the initial molecule. Therefore, an increase in the solvent viscosity 
decreases the experimental rate constant of decomposition. For acy! peroxides, due 
to the instability of the oxyacyl radical, several transformations occur in the cage 
resulting in both the initial peroxide and other products of cage recombination. The 
scheme of transformations for acetyl peroxide has the following form: 
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Oo oO 
I | Bh. e ce 
CH,COOCCH, —2——*- 2CH,COO ——- CH,COO + CH,COO 


ka NE 
k kp 


CH,COOOCH, + CO, —— CH,CO, + CO, + CH, —> CH,CO, + CH, + CO, 
j 
—— P" 
C,H,*2CO, ~— 2CH,-«2CO, —7 2CH,*2CO, 


An increase in viscosity, on the one hand, decreases the decomposition rate con- 
stant and, on the other hand, increases the fraction of products of intracage recombi- 
nation, methyl acetate and ethane. Intracage recombination with the formation of the 
initial peroxide molecule is clearly proved by experiments on isotope isomerism: the 
decomposition of peroxide labeled by '*O at the carbonyl group is accompanied by 
the transition of /*O into the peroxide group. 


The calculations according to the Noyes theory were compared to the results on 
the quantum yield of iodine atoms during photolysis of iodine in various solvents. 
The calculation agrees well with experiments for solvents with a low viscosity. In the 
case of chlorine-containing solvents, the theory predicts higher F values than those 
obtained in experiment. An increase in the viscosity does not decrease F to such an 
extent as it follows from the theory. In very viscous solvents at n — œ F —» F #0. 
All these deviations indicate that the model of cage as a uniform viscous medium sur- 
rounding a pair of particles describes the phenomenon approximately and in a limit- 
ed interval of changing viscosity. 


Noyes draws a similar conclusion in another work comparing the calculation and 
experiment on the influence of the wavelength of the irradiating light on the quan- 
tum yield of iodine atoms. When the absorbed light energy exceeds slightly the dis- 
sociation energy of J,, the calculation and experiment virtually coincide. An increase 
in the energy of irradiating quanta results in a considerable divergence between the 
calculation and experiment. The authors believe that the divergence is reasoned by 
the fact that the solution is not a continuum but a discrete medium. 


Nevertheless, the Noyes theory is often valid for changing viscosity of the sol- 
vent in a sufficiently wide interval: for azomethane photodecomposition, (1 - ey! = 
1.1 +6.5:10° T"? Mm; for perfluoroazomethane, (1 - e) ! = 1.1 + 4.0:1077'7/n; and for 
tert-butyl peroxy-a-phenyl isobutyrate, (1 - ey = 124 5.7510 ^T Mm. However, 
in solvents with a low viscosity (at high VT /n), a deviation of (1 - e)! from the 
straight line is observed, i.e., in this case, the model of liquid as an isotropic medium 
is invalid. 
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Both theoretical models (Noyes and Kóenig) can be combined in the framework 
of one kinetic scheme. Assuming in the general case kp = const/^ and considering 
a as an empirical parameter (1 > a > 0), we obtain kp = | ^, where o differs from 
unity. This approach agrees with the comparison of Ep - E, from the data on cage 
effect with Ey for the temperature run of viscosity: n = Ay exp(E/RT). As a rule, Ep 
- E, + Ey, and from this it follows more often a + 1 (at E, = 0). It is quite under- 
standable that Ej and Ey do not coincide: Ep refers to the diffusion of the radical 
(easiest) from the cage, and Ey is attributed to the diffusion of solvent molecules. 
When kp of the radical and solvent molecule are close, the model of cage as a pair of 
radicals surrounded by a structureless viscous medium is well described by the 
Noyes model. The stronger the difference between mobilities of the radical and sol- 
vent molecule, the greater the divergence between the theory and experiment. For a 
mixed solvent, the macroscopic viscosity cannot be considered at all as a magnitude 
reflecting the microdiffusion of particles. 


Valuable data on intracage processes are provided by the study of the decompo- 
sition of optically active compounds. Radicals with the free valence at the asymmet- 
ric C atoms can recombine in different ways. The recombination product can retain 
the mutual arrangement of fragments and give an optically active molecule (dimer). 
If one of the radicals in the cage turns by 180°, the recombination of this pair gives 
a mesoform. If both radicals tum by 180°, an optically active dimer with an inverse 
sign of rotation is formed by recombination. The scheme of cage processes during 
the decomposition of optically active azo compounds have the following form: 
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Unlike the schemes considered previously, in this scheme we introduced the 
states of pairs differed by mutual orientation and &, is the rate constant of mutual turn 
of the radicals. For the dimer obtained by the recombination of two a-phenylethyl 
radicals formed in the decomposition of optically active azo-a-phenylethane (ben- 
zene with the acceptor of alkyl radicals), the following composition is observed: 31% 
DD(-) (configurations of both radicals remained unchanged), 48% meso (one of the 
radicals had time to turn), and 21% LL(*) (both radicals turned). The ratio k/k, = 15, 
i.e., the rotation of radicals in the cage occurs very promptly. The close results were 
obtained for the recombination of the a-phenylethyl—benzyl radical pair: k/k, = 16 
(benzene, 383 K). The decomposition of optically active peroxides in the cage 
affords predominantly recombination products of radicals, which did not retain the 
initial mutual orientation. 


Singlet or triplet radical pairs can appear during the photodecomposition of mol- 
ecules. The triplet radical pair does not recombine, recombination requires its trans- 
formation into the singlet pair, i.e., for triplet pairs the probability of intracage 
recombination is lower than that for singlet pairs. The latter exist during direct pho- 
tolysis of molecules. The triplet radical pair is formed when a photosensitizer is used. 


5.4 Cage effect in solid polymers 


Polyolefins are semicrystalline polymers, so that low-molecular-weight sub- 
stances penetrate and diffuse virtuallly in the amorphous phase only. Each particle or 
a pair of particles is surrounded by segments of the macromolecule. Since the seg- 
ments in the amorphous phase are not packed so tight as in the crystalline phase, 
there are holes moving through the polymer. Due to the high molecular weight of 
macromolecules, the *concentration" of holes and the rate of their motion in poly- 
mers are lower than in liquids. This is because the diffusion rate of molecules in 
polymers is much lower than in liquids. Slow molecular diffusion in polymers leads 
to a high probability of free radical pair recombination in a polymer cage. In poly- 
mers the probability of a free radical pair to escape recombination in the cage is a 
value of 0.1-0.01 and lower in comparison with 0.3-0.8 in liquids. An attempt to esti- 
mate the cage effect in polymers was made reckoning from the cage effect in liquids 
and taking into account slower translational diffusion in polymers and gave the 
results that are in disagreement with experimental measurements. 


5.4.1. Schemes of cage effect with translational and rotational 


motion of particles 


Free radicals in the cage execute translational and rotational motions. The latter 
can be important for free radicals to react, because such a reaction requires a pair of 
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free radicals to be oriented in an appropriate manner for overlapping of odd electron 
orbitals and singlet spin orientation. One can expect that discrepancies between the 
above schemes and experimental data are the result of an important role of rotation 
in the cage effect. The following scheme of AIBN decomposition in polymer was 
considered. 


AIBN — [R- + Np + R-]* aka 
AIBN > [R- + N, + R] (1 - Oka 
[R +N) +R] => R +R +N (kpr) 
[R +N, +R] > [R +R] + No (kona) 
[R: +R] > R: + R(kpg) 

[R +R] > [R + R]* vP 
[R +R] — [R +R]v 
[R: + R-]* — RR (kc*) 


Four types of cages are supposed for reactions in the polymer matrix: primary cage 
[R: +N, *R ], cage [R: +R-] with random orientation of radicals, [R: + N +R-]*, and 
{R: -R-]* where free radicals are oriented conveniently for the reaction. Radical 
recombination occurs with the steric factor P. The cage [R: +R-]* is transformed into 
[R- +R] with the frequency v and back transformation occurs with the frequency vP. 
The probability of [R- +R:]* cage formation after AIBN decomposition is a and that 
of [R- +R-] cage formation is (1 - a). The rate constant of radical recombination in 
the [R- +R-]* cage is equal to kc*. The ratio kpnz/kpr = B and the ratio w/kp = y. This 
scheme leads to the following dependence of e on the parameters of molecular mobil- 
ity: 
v l-a 


] 
(B+1)(l-e) kKi(yP+a) P +a rd 


(B+1)e- 


The experimental data on AIBN decomposition in polypropylene were found to 
accord with this scheme and equation 7.29. The following values were calculated for 
the parameters of this equation, and the k-* values were calculated at P = 0.1. 


| A 333K 343 K 353 K 
kc* (YP + OS l........ 58x10? 100x10' 29x 10° 
(1 - OYP + a)"...... 0.165 0.125 0.065 
kels nirera 40x10" 70x10" 20x10" 


The data on lauroyl peroxide decomposition in polymers were treated in the 
scope of the analogous scheme, which takes into account the possibility of the 
reverse recombination of radicals Cj,H53CO;, their decarboxylation with the rate 
constant kp, and rotation of radicals in the cage. According to the scheme, the prob- 
ability of free radical diffusion out of the cage was found to be 
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v (1-6) - K* (1 24P)e - K*(1 - a) (5.30) 


The experimenal 1 data on lauroyl peroxide decomposition are in agreement with 
the dependence of e on the molecular mobility n (polypropylene, 353 K). Assuming 
P — 0.1, we find k,* = 2.7 x 10" s', a = 0.96. Thus, the experimental data on the 
cage effect at the decomposition of AIBN and lauroyl peroxide in comparison with 
the molecular mobility in the polymer matrix evidence that the fate of a radical pair 
in a polymer cage depends on the rate constant of radical recombination (dispropor- 
tionation) and their translational and rotational diffusion. The lower the rate of rota- 
tion, the more important the influence of the rotation of particles on the cage effect. 
So, the important role of rotational diffusion in the cage effect (which is not impor- 
tant in liquids) is specific for a polymer matrix. 


5.4.2. Concept of a hard cage of polymer matrix 


Another phenomenon specific for polymers is the cage effect in slow bimolecu- 
lar reactions. It is well known that the viscosity of liquids does not influence on the 
rate of slow bimolecular reaction, which occurs with an activation energy and is not 
controlled by the rate of diffusion of reactants. However, slow reactions in the poly- 
mer matrix occur more slowly than in the liquid under the same conditions. It was 
proved by comparison of the experimetal rate constants of the reaction of 2,4,6-tri- 
tert.butylphenoxyl radical with hydroperoxide groups of polypropylene (PP) and 
polyethylene (PE). 


Media vx19? k E logA 
(S (Imokis-1) (kJ mol!) (mol! s!) 
(T = 295 K) 
BB ecu eda iate 6.7 3.5 x 10-3 67 94 
PP + 8% C6HSCI........... 240 0.38 52 7.8 
PE NND PENA 44 0.014 69 104 
C6H6..... es 850 0.115 45 74 


Rate constants of these reactions were found to correlate with the molecular 
mobility, which was calculated from the ESR spectra of the nitroxyl radical. The 
higher the molecular mobility, the higher the rate constant of the reaction. 


These experimental data initiated us to put forward the model of the hard cage of 
polymer matrix. The medium of the polymer matrix affects the bimolecular reaction 
differently than in the liquid phase. The interaction of two reactants in the liquid 
phase occurs in the cage formed by labile molecules. All geometric shapes of such a 
cage are energetically equivalent due to the high flexibility of molecules surrounding 
the pair of reacting particles, and this cage may be regarded as "soft." The formation 
of a transition state in the soft cage of the nonpolar liquid does not need an addition- 
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al energy for the reorganization of the molecules surrounding the pair of reactants. 


In the polymer matrix each particle or a pair of particles is surrounded by seg- 
ments of the macromolecule. This segments connected by C—C bonds form a rigid 
cage. In such a rigid cage, there are geometrically and energetically inequal orienta- 
tions of particles. This is why, a pair of reactants reacting in the polymer matrix needs 
an additional energy to gain the necessary orientation to react in a rigid cage. 
Therefore, the rate constant of bimolecular reaction in the polymer matrix includes 
an additional coefficient FS, which describes the influence of the cage walls on the 
mutual orientation of reactants: k, = 4 x F, exp(-E/RT). This coefficient must depend 
on the temperature because it includes the Boltzmann factor equal to exp(-U,,/RT), 
where U,, is the difference between the energy of the energetically most convenient 
orientation of particles and that necessary for the reaction to occur. A particle in the 
polymer cage is regarded as being in the field of forces of intermolecular interaction, 
which is approximated by a cosine function (the reaction is regarded in one plane). 


U(8) = 0.5 U,(1 - cos 798) (5.31) 


where U, is the energy barrier dividing two energetically convenient positions of the particle 
in the cage, and 27g is the number of such positions. For the reaction to occur, particles A must 
be oriented in the cage at an angle of 04 + A04. 


The pre-exponencial factor of the bimolecular reaction in the polymer in the 
scope of such a model is the following: 
Re Aexp(-U, / RT) 
— 4r. I, (U,/ 2RT )exp(-U / 2RT) 
where [,(x) is the modified Bessel function with respect to imaginary argument. In liquids all 


orientations of reactants are energetically equivalent. Therefore, the ratio of rate constants in 
the polymer and liquid is 


(5.32) 


exp(- U ,/ RT) 


——— NET I UT MESES (5.33) 
exp(- U,/ 2RT)I {U / ZRT) 


k 

k, 
This cage model gives a simple equation for the frequency of rotation of the particle 
in the polymer v, and liquid v;. 


V; = V4 exp(-UJ RT) (5.34) 


Such a model explains the above mentioned peculiarities of free radical reactions in 
polymers. First, the reaction occurs more slowly in polymer than in liquid on the 
account of the reorganization of surrounding polymer segments to achieve the tran- 
sition state (potential U,,). Second, the correlation between k, and molecular mobil- 
ity v, finds its natural explanation because k, and v, depend on the same potential U,,. 


k, Vi 

nn = min— (5.35) 
k(v,/v,)  L[0.5In(v;7 v J] v. 

where m = Ux / Uo). Experimental data are m good agreement with this formula (see Table 

5.1). 


I 
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Table 5.1 Comparison of rate constants and molecular mobility in the poly- 
mer matrix and liquids, values of U, and U,,. 


Polymer v/v; kk, U, m Uor 
(kJ mor) (kJ mol!) 
Reaction of 2,4,6-1,1-dimethylethylphenoxyl with 
hydroperoxide groups, T = 295 K 


PELO cie 5.62440? — 84010? 12.7 0.74 93 
PP. 12210? 341210? 36.8 0.74 12.2 
PP +2%C6H;Cl... 1.43.10? 0.125 10.4 0.78 8.1 
PP + 8%C6H;CI... 5.00:10° 0.332 7.3 0.72 52 
Reaction of 4-benzoyloxy-2,2,6,6-tetramethylpyperidine-N-oxyl with 2,6-bis-1,1- 
dimethylethyIphenol, 
T=313K 
DE eenen 89310? — 725107 13.1 0.81 10.7 
PE + 5.596 C ,HsCI. 1.07:10? 0.123 11.7 0.74 8.6 
PE + 36%C,H,Cl.. 6.67-10? 0.502 10.7 0.69 74 
PP. 42510? — 725107 14.1 0.73 10.3 
PP-294C4H,CL. 1.1110? — 722430? 11.7 0.61 7.1 
T=323K 
PEN ree 8.93107 0.267 12.6 0.55 6.9 
PE + 4%C,H,Cl... 1.56107 0.370 11.1 0.52 5.8 
PB oon ee 4.31-10? 0.125 14.6 0.63 92 
PP + 1%C,H.Cl.... 6.4510? 0.208 13.5 0.57 7.6 
T-333K 
PERS ctum 1.1110? 0.345 12.4 0.51 6.5 
PBS ttd: 6.67.10? 0.251 13.8 0.53 7.4 
PP + 1%C,HCL.... 9.61:10? 0.345 13.0 0.51 6.6 
PP + 2%C,H,Cl.... 1.39:107 0.417 11.8 0.49 5.7 
PS + 9%C,HCL.... 2.08-10? 0.133 17.0 0.56 9.5 
PS + 38%C,H;Cl.. 4.17:10? 0.526 8.8 0.52 4.6 


Reaction of 4-benzoyloxy-2,2,6,6-tetramethylpiperidine-N-oxyl 
with 1-naphthol, T = 333 K 


PE-696C,H,Cl 1.3930? —— 7.04.10? 18.1 0.63 11.4 
PS + 1896C4H,Cl 4.59-10° 0.252 14.9 0.52 79 
PS + 5094C,H,Cl 6.67.10? 0.588 74 0.55 4.1 


As seen from this table, the parameter m is constant in all experiments and lies in 
the limits of 0.50.75. The energetic barrier for orientation varies from 7 to 12 
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kJ-mot'. This model explains also the compensating effect, i.e., the increase in the 
pre-exponential factor with an increase in the activation energy. An empirical linear 
correlation between the rate constant of bimolecular reaction in the polymer matrix 
and the transition state volume was found. 


RT In(k/k,V/k3 mol! = a (V* - b) (5.36) 
TIK ora aA 303 333 363 
A10? kJ om? occ 2.50 2.23 1.98 
Blom? mol... 127 110 17 


5.5. Pulse methods for studying the kinetics of fast reactions 


The recombination of atoms and radicals in a solution occurs so promptly that 
special methods are necessary to study its kinetics. Several methods are based on the 
participation of free radicals in chain processes: these methods are considered in 
Chapter 16. Pulse methods (pulse photolysis and pulse radiolysis) have received 
wide recognition for studying fast radical reactions beginning from sixties. The 
method of pulse laser photolysis appeared later. The first pulse photolysis technique 
was developed by J. Porter in 1950; at first this method was used for studying gas 
phase radical reactions, later for reactions in solutions. Pulse radiolysis was devel- 
oped in 1959-60 by four research groups: M. Matheson and L. Dorfman (USA), A. 
MacLachlan and R. McKarthy (USA), J. Keene (England), and J. Boag (England). 


The principle of the pulse method is the following. The initial substance, a source 
of radicals, is irradiated for a short time with a powerful flash of light or particles, 
which results in the formation of a sufficiently high nonequilibrium radical concen- 
tration. Their consumption is monitored by the method of high-performance spec- 
trophotometry, and the consumption kinetics allows one to understand in which reac- 
tion and with which rate constant radicals are consumed. 


5.5.1. Pulse photolysis 


An experimental pulse photolysis technique consists of a pulse lamp with an 
energy source and equipment for charging and discharging, a reaction vessel with a 
reflector, and a device for the spectroscopic detection of short-lived intermediates. 
The light source must provide for a very short time a high intensity of light and give 
flashes reproducible by both intensity and spectral parameters. A gas-discharge tube 
for discharging capacitors is used: capacity of capacitors from 4 to 10 uF, voltage 
from 4 to 20 kV, energy consumption from 10 to 3000 J. An empirical dependence 
is observed between the flash duration and energy of gas-discharge tubes: the higher 
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the flash energy, the longer its duration. For example, at an energy of 1 J the flash 
duration t = 0.3-10 5 s; at 100 J t= 4-10 s. Each system is characterized by its opti- 
mum time and energy of the flash. To increase the number of photons absorbed by 
the solution, a pulse lamp and a reaction vessel are arranged nearby and surrounded 
by a reflector. 


The reaction course is monitored by the absorption of light with the wavelength 
usually corresponding to the absorption maximum of the radical under study. With 
this purpose, the light, which was preliminarily passed through a spectrograph, is 
passed through the solution, and at a chosen wavelength its intensity is detected by a 
photoamplifier. The photocurrent comes to an oscillograph, on the display of which 
the kinetics of changing the absorbance is detected. The data are processed, as a rule, 
using a personal computer to obtain the kinetic characteristics of the process. If a par- 
ticle is consumed according to the first order, the reaction rate constant is calculated; 
if the order is second, the product Egk is calculated, where £g is the molar absorption 
coefficient of the analyzed particle R, which is determined by special experiments, 
often being a complicated problem. Several methods for its solution are available. 1. 
The final products of radical transformation after a series of successive flashes are 
analyzed, and their sum is used for the determination of the initial concentration of 
radicals in each experiment. To determine reliably €g, all products should be ana- 
lyzed and the mechanism of their formation should be known. 2. Radicals are gener- 
ated in the presence of an appropriate radical acceptor, which is transformed into an 
easily analyzed stable product. For example, radicals RO- and RO» react promptly 
with phenols. 2,4,6-Tri-ert-butylphenol is introduced into the system where these 
radicals are generated. It rapidly “intercepts” all radicals appeared during the flash 
and is transformed into the stable phenoxyl radical. This radical has a high molar 
absorption coefficient, and it can easily be determined spectrophotometrically. If the 
presence of phenol does not reflect on photoinitiation, it is not difficult to calculate 
the molar absorption coefficient of the initial RO- and RO»: radicals. 


The kinetics of radical consumption with £j = 10° s^ can be studied at a flash 
duration of ^1 us. This allows the study of the kinetics of the bimolecular reaction 
with = 105 s' or k =; at a length of the reactor of 10 cm / = 0.1. Usually = l/(mol:s), 
and constants up to 10" l/(mol:s) are accessible for measurement. The method is 
widely used for measuring rate constants of atom and radical recombination in solu- 
tion, reactions of molecules in the excited triplet state, electron transfer between rad- 
icals, and fast reactions of radicals with molecules (see Chapter 7). 


Pulse lamps do not allow one to obtain short («10$ s) flashes with a high radia- 
tion intensity. This difficulty can be overcome using laser light sources. Lasers have 
three important advantages: their peak power can be very high, the irradiated light is 
coherent and monochromatic, and the light pulse is symmetric in time. Lasers make 
it possible to record the kinetics in the nanosecond range. Using laser photolysis, 
researchers study reactions of singlet-excited aromatic molecules, kinetics of disap- 
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pearance of radical pairs formed during photolysis of molecules, transformations of 
charge transfer complexes, and processes with electron transfer, and changes in the 
physical state of molecules (for example, polarization) can also be detected. 


5.5.2. Pulse radiolysis 


This method is a radiation-chemical analog of pulse photolysis. High-perform- 
ance spectrophotometry is used for the identification of particle detection. The kinet- 
ic information is processed by a computer. Active particles are generated by the elec- 
tron impact with a short pulse of high-energy electrons, which induce the ionization 
and electron excitation of molecules, and excited molecules dissociate to form radi- 
cals and atoms. 


To create an electron pulse, the following instruments are used: a microwave lin- 
ear accelerator (electron energy 2+12 MeV, pulse duration 100-1000 ns), a Van der 
Graaf accelerator (electrons with an energy of 2+4 MeV, duration 1-100 ns), and a 
febetron (electrons with an energy of 0.6-2 MeV, duration 10-50 ns). A reaction cell 
is prepared from quartz, which is rather resistant toward radiation coloring. Since 
electrons are rapidly retarded in liquid and lose their capability of ionizing mole- 
cules, the cell thickness should not exceed 1+2 cm. The electron energy in the beam 
usually ranges from 1 to 30 MeV. The higher this energy, the more uniform over the 
vessel the initiation. 


The method of pulse radiolysis was used to study in detail reactions of particles 
appeared in water during its electron irradiation: hydrogen atoms, hydroxyl radicals, 
and HO;-. Very valuable data were obtained for reactions of a hydrated electron with 
various ions, radicals, and molecules. A radical anion is formed when an electron is 
captured by an aromatic molecule, and reactions involving radical anions are also 
studied by pulse radiolysis. 
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Chapter 6 


Bimolecular reactions in solutions 
Influence of medium 


6.1. Theory of encounters in liquid 


In gases an elementary act of the bimolecular reaction occurs by the collision of 
two particle-reactants if an excessive energy of colliding particles exceeds the acti- 
vation barrier and the configuration of the formed pair is convenient for the reaction. 
In liquid (solution) the bimolecular act occurs in somewhat different way. At first par- 
ticle-reactants diffuse in solution and get into the same cage, neighboring for some 
time, they collide in it and undergo transformation in one of the collisions if the same 
conditions are fulfilled as those for the bimolecular reaction in the gas phase. The sit- 
uation is somewhat more difficult when molecular complexes or electrostatic inter- 
actions appear between molecules in solution, which will be considered in the next 
chapter. The time of existence of a particle in the cage in low-viscosity liquids at 
room temperature is 10-10 s, and one collision between adjacent particles occurs 
for 10 ^ -10 ^s. 


Due to the described above process of encounter and collision of two particles in 
liquid (and, in general, in the condensed phase), the following general scheme is valid 
for the bimolecular reaction in solution: 


AB c AB 


A.B ——» Products 


where A.B is the pair of particles in the solvent cage; kp is the rate constant of diffusional 
encounter of particles A and B, I/(mol-s); vp is the rate constant of diffusional escape of one 
particle from the cage, s”; and ko is the rate constant of transformation of the pair of particles 
into products, s^". 


The full solution of the system of equations describing the process has the fol- 
lowing form (v = [A.B] = K4,[A][B]: 


Kok. {1 - exp[-(Vp + kot} (6.1.) 





Kexp x 
D € 


At t>> (vp + Kc)? 
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koxp = kpk(vp + ke)" 


In low-viscosity liquids, the time of establishment of the kinetically equilibrium 
concentration of A.B is very low (10°=10° s) but in glasses and polymers where dif- 
fusion occurs slowly the diffusion time is 10°+10* s. When the reaction occurs with 
an activation energy, in liquid usually k, << vp and the equilibrium concentration of 
A.B pairs is established 


[A.B] = KaplA][B], Kan = kpYp 


Assuming that molecules of reactants and solvent are close in size, shape, and 
character of intermolecular interaction and the medium that surrounds the A.B pair 
is a continuum, then the concentration of the pairs is the following: 


[A.B] = 41 - 10? 172, 5r[A][B] = KAg[A][B] (6.2) 
where rag is the average distance between the centers of particles in the cage (FAp = r4 + rph 
and the cell thickness is Ór = rg + rs, where rs is the radius of the solvent molecule. 

At ra t rg 7 rg 7 5:107 m, Kap = 0.94 = 1 mol = 1.5:107! cm?/molecule. 
When particles of the same type react, then 
Kap 72- 10 r2, 8r V/mol. (6.3) 


This expression was obtained in the framework of the concept of solid spheres 
and describes the behavior of reactant pairs, which do not interact with each other 
and with the solvent. In a more general case, this interaction takes place, so that the 
formation of the A.B pair in a solution can be presented as the equilibrium of the type 


Kap > 
A—S + B—S <—— A—B + S—S 
where S is the solvent molecule, and dash designates the intermolecular interaction. 


According to the thermodynamic theory of solutions (E. Guggenheim, 1952), the 
equilibrium constant of this type 


Kag = (n/{S])exp(2Uags/RT) (6.4) 
where Ugg is the difference between potential energies of the interaction of pairs A—S, B— 
S, and A—B, S—S. 

These energies can be estimated, first, by the partition coefficient of the substance 
between two liquid phases and, second, by the critical temperature of mutual disso- 
lution of two phases. The ratio of the number of neighbors in the cage n to the num- 
ber of moles of the solvent S (in mol/l) is usually close to unity. According to the 
encounter theory, the rate constant of bimolecular reaction k ~ z,, where z, is the fre- 
quency factor of bimolecular collisions. In liquid a molecule is surrounded by n mol- 
ecule-neighbors, vibrates in this cage with the frequency n, and collisions with each 
neighbor 6v times and with one molecule 6v/n times. The vibration of a particle sur- 
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rounded by molecules can be considered as harmonic when the particle with the 
weight m vibrates with the amplitude a and frequency v 


v = (3/2) KkTinm) (6.5) 


Amplitude a can be related to the temperature coefficient of linear expansion of 
liquid o: a = 20,7. At the same time, the amplitude can be related to the free vol- 
ume of liquid V, 


a = 2(3V/AnL)'^ 


In turn, the free volume of liquid can be estimated, e.g., by the heat of evapora- 
tion 


Vj- (2RT/AH yap) V (6.6) 


The vibration frequency of molecules can be estimated by the velocity of sound 
in liquid 24 


v = u(3L/4nV)'? (6.7) 


ee V is the volume of one mole of liquid) and by the viscosity of liquid n (p is the liquid 
ensity) 


v = 3-10 n/pr2, (6.8) 


For most liquids and standard molecules (M = 100) v changes in an interval of 
10-19? s. The chemical reaction can be induced by such vibrations due to which 
molecules get in tight contact and experience repulsion. This is observed when the 
vibration energy exceeds some energy £', and the vibration amplitude exceeds the 
a value. The frequency of these encounters 


v’ = vexp(-E//RT) 


The factor exp(-E /RT) takes into account, in essence, the situation that the chem- 
ical interaction is a result of encounters with such an amplitude which perturbs the 
harmonic character of vibrations. For harmonic vibrations the repulsion energy is 
proportional to Ar^, and a more tight approaching changes this dependence (7^, n = 
6712) according to the Lenard— Jones potential of intermolecular interaction. Thus, 
the frequency of efficient encounters of the A.B pair in solution 


v= (3/20, YKk/mmT) "exp(Ey/RT) (6.9) 
where m is the reduced weight of particles A and B. 


In the framework of the encounter theory in gas (see Chapter 2), the rate constant 
of bimolecular reaction 


k = z9Pexp(-E/RT) 
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The exponential factor expresses the fraction of encounters, whose energy is 
equal to or higher than E. This expression follows from the fact that the contribution 
to the activation energy is made only by the translatory motion of particles A and B. 
In liquid the character of motion of particles A and B changes: it becomes vibra- 
tional, whose full energy (kinetic and potential) is described by two quadratic terms. 
Due to this, the fraction of encounters of two particles A and B with an energy 
exceeding E is equal to (E/RT)exp(—E/RT). The rate constant of transformation of a 
pair of particles in solution 


ka = v'P(E/RTyexp(-E/RT) s! 
and the experimentally observed bimolecular rate constant 
Kexp = Kapk, = (n/[S])P(E/RT)expl-(E + E’ y - 2UJRT] (6.10) 


As already mentioned, n/[S] = 1, v' = 102-10? s, the energy E", depends on 
forces of intermolecular interaction, free volume, and temperature. Near the freezing 
temperature E" y = 0 and increases with temperature, reaching 8-15 kJ/mol near the 
boiling point. The algebraic sum of potentials of intermolecular interactions can be 
either positive or negative: -10 < Uap 5 < 10 kJ/mol (P and E are determined by the 
structure and reactivity of reactants). 


The rate constant is calculated from experimental data in the Arrhenius form 


kexp = Aexp(-E/RT) l/(mol«s). 


Since the theoretical expression for kexp includes both the exponential term and 
the temperature-dependent pre-exponential factor B(7), which is seen from (6.10) 
and (6.9), then 


E, =Et+ Ey+ 2Uaps + RTdinB(Tydl(T) 
and 
E= E, - Ey + 2U aps + 3/2RT - RTdnVidinT@. (6.11) 


The last term reflects the contribution of the thermal expansion of liquid to the 
temperature dependence of kexp. If the collision frequency in liquid is expressed by 
viscosity (formula 8.8) N = n,exp(E,/RT)@, then 


E-E,-E'yt2U4gs t Ey (6.12) 
According to (6.10), the pre-exponential factor 4 is the following: 


A = B(Texp[dinB(Ty/dinT] = 0.190  (k/mT) ^ (n/[S](E/RT)Pexp(dlnV/dinT) 
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6.2. Theory of activated complex 


The specificity of a bimolecular act in liquid, as already mentioned, is that parti- 
cle-reactants at first meet in the same cage and then, at a sufficient activation, react 
in the environment of solvent molecules. The formation of the A.B pair is accompa- 
nied, in the general case, by a change in entropy ASAg and enthalpy AH ag of the sys- 
tem; equilibrium rate constant Kg is related to them by the known correlation 


-RTINK 4g = AHag - TAS ap (6.13) 


The experimentally measured rate constant of the slow (Kk, << kp) adiabatic 
reaction is 


kexp = Kapke = (kT/h)exp[(AS” + ASagYRlexp[-( AZ" + AHapYRT] (6.14) 
and AH. 


exp 


Therefore, the AS, 
following: 


xp values calculated from experimental data are the 


AS exp = AS" + AS ap, AHexp =AH® + AH ap 


Compare the expressions for bimolecular rate constants according to the 
encounter theory and activated complex theory. Since Kap enters the expression for 
kexp in both considerations, only k, should be compared 


S p expl -(E + E'yyRT] = E exp(AS" IRjexpC AIF IRT) (6.15) 


It follows from this equality that AH” = E + E’ pand 
ASŽ = R[In(6vhEPL/n) - 2In(RT)]Q. (6.16) 


Activation entropy AS is related to the pre-exponential factor A by the correla- 
tion 


A 7 (RTILhy(n/LSexp(AS"/ Ryexp(dinnV/din T), (6.17) 
and the Arrhenius activation energy 
E, = AH + 2Uap 5 + RT(dInnV/dinT) (6.18) 


The formation of an activated complex from two particle-reactants is accompa- 
nied by a change in the volume. Therefore, the external pressure influences the rate 
constant of bimolecular reaction. Since the internal pressure about 10°-10° Pa exists 
in liquid due to the intermolecular interaction (in CCl, at 293 K it is 3.48: 10° Pa), the 
external pressure of an order of 105-10? Pa should be created for a noticeable effect 
on the liquid. The study of the pressure effect on the reaction provides data on a 
change in the system volume during the formation of an activated complex. 
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Measuring the reaction rate constant koxp at different pressures p, one can find AV, 
from the dependence 


(SInk8p)T = -(AVexp/RT) + Amy (6.19) 
where An" is the change in the number of particles during activated state formation (for the 
bimolecular reaction An” = 1); y = Void Vidp)T is the correction for the solvent compress- 
ibility. 

The y correction is not high (RTy = 1+4 cm?/mol) and often neglected. Usually 
the dependence of Ink on p is nonlinear because with the pressure increase the ener- 
gy of intermolecular repulsion increases and the effect of further compression of the 
system becomes difficult. The following empirical equation is used for the descrip- 
tion of this dependence: 


Ink = Ink, - (V/RT)I[p/( + bp)] (6.20) 


Here b = 9.2-10° Pa'! is the empirical parameter that allows the determination of 
AV; at p = 0 by the formula 
AV? = V (1 + bpy (6.21) 


o 


Since in liquid the bimolecular reaction occurs in two steps: A + B = A.B > 
(A.B) — Products, this should be taken into account in the interpretation of m cal- 
culated from experiment 
= AVag + AV. (6.22) 


exp 


The change in the volume during the formation of the equilibrium A.B pair can 
be either positive or negative, depending on the density of the solvate shell around A 
and B, on the one hand, and from the A.B pair, from the other hand. If reactants react 
more vigorously with each other than with solvent molecules, then AV Apg < 0, and this 
value is added to the negative AV" value. The AV" values for several bimolecular 
reactions are presented below as an example. 


Reaction Solvent T Vp» cm3/mol 
PHN(CH3)o+ C;HsL..........eeessss (CH3),CO 303 -16.4 
(CH3CO)50 + C;H4OH.................. PhCH; 333 -19.6 
C;H,OH 303 -15.9 
Dimerization of cyclopentadiene.... C6H6 303 -23.1 
o-(CH3)CgH4N(CH3)2 + CHSGI......... CHOH 313 -26.6 


It is seen that V7, changes from —15 to —25 cm*/mol, with the temperature 
increase V^. increases, which is related to the thermal expansion of liquid. 


exp 


Since the rate constant depends on both the temperature and pressure, the reac- 
tion can be described in two forms 
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kp = Apexp(-Ep/RT), ky = Ayexp(-Ey/RT), 
Ep = RT (dinkexg/dT)p, Ey = RT (dinkay/dT)y 


Since the following equality is valid: 
(ln WST), = (8Ink/6T), - (SV/S5T)p(Sp/8V) (dlnk/dp)T (6.23) 


and the coefficients of isothermic and isobaric expansion are 
0 = (dinV/dp)T and a = (dinV/dT)T 
then Ep and E , are related by the correlation 
Ey=Ep (RT^oj/a, (8Ink/8p);. (6.24) 
For the dimerization of liquid cyclopentadiene at p = 10*-3-10* Pa 
kp = 2.7- 10’exp(-74/RT), ky= 5.0-10*exp(-82/R T) (mols) 


If polar particles participate in the reaction, the rate constant depends on the 
dielectric constant of the medium e (see below), which, in turn, changes with the 
pressure increase. The change in e with the pressure increase is described by the for- 
mula (€ = €, atp = p, = 10° Pa) 


£,/£ = 1 - aln[(5 + pY(b + p;)] (6.25) 


E, = E, + (RT°O,/a,)(Olnk/dp)T 


6.3. Comparison of bimolecular reactions in gas and 


liquid phases 


Fast activationless reactions, such as recombination of atoms and radicals, of 
course, occur more slowly in liquid than in gas because they are limited by the rate 
of particle self-diffusion, and diffusion in liquid occurs more slowly than in gas. 
Therefore, it is of interest to compare slow reactions, which are not limited by diffu- 
sion in liquid, to those with rate constants k < 10° (mols) in the gas phase. As we 
will see further, the solvation effects and formation of molecular complexes influ- 
ence strongly on the chemical reaction in liquid. Since solvation is absent from the 
gas phase, for the correct comparison we have to consider reactions in which at least 
one reactant is a nonpolar particle, for example, hydrocarbon. Reactions of radicals 
with nonpolar C—H bonds are most suitable for this comparison. The data on such 
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reactions, whose rate constants are measured in the gas and liquid phases, are pre- 
sented in Table 6.1. It is seen that, in all cases, the rate constants of bimolecular reac- 
tions of radical abstraction in the liquid phase are higher than those in the gas phase. 


Table 6.1. Rate constants of bimolecular radical reactions in liquid (H5O) and gas 
phases [T = 298 K, V/V = 2.1-107, kgas and kj, in l/(mol's)] 


1/3 

Reactions koas Egas» Kiig Küg/ Koss EX 

kJ/mol RT| V, 
H+CH,OH 1240! 36 1610? 133 143 0 
H+ C)H,OH 1410 29 1610 114 90 0 
H-CH,COCH, 30405 35 3410 10 109 6 
H + HLO, 2.5:10° 16 4-107 16 50 3 
CH; + CHOH 7 42 220 31 131 5 
CH; + CH,OH 23 40 590 26 125 4 
CH; +(CH;),CHOH 340 25 3440 10 78 5 
CH; + CH;CH,COCH; 240 34 23940 12 106 5 
CH; + CH,COOH 4 43 200 50 134 E 
7 x vy/mol 
HO +H, 3-108 22  L540 50 69 kJ/mol 
0 
HÒ + CH, 6:10 16  L510 25 50 2 


In the framework of the encounter theory, this is a result of the following two dis- 
tinctions between the gas and liquid phases. First, if the pressure in the gas is not very 
high, particles move over the whole volume V and the frequency of bimolecular 
encounters z, gas depends only on the temperature 7, weights of particles mA and 
mB, and encounter cross sections (r4 and rg) 


Zo gas = 107 L(ra + rg) [SÉRT(m, + m; yn] ^ (6.26) 


In liquid reactants at first get in one cage where they multiply collide. The main 
part of the volume is occupied by solvent molecules. Encounters of particles occur 
due to their motion in the free volume V, and V, «« V, where V is the volume of a 
mole of solvent. In liquid with z, gas we have to compare KapZ, tiq = KapOv/n, where 
n is the number of solvent molecules surrounding one particle. In the framework of 
the concept of solid spheres, KAp is expressed by equation (6.2) through ra, rg, and 
òr 


Kap = 4107 L(rA + rg)'ór V/(mol:s) 
where r4, rg, and ôr are expressed in cm. 


The vibrational frequency of a particle in the cage is expressed by equation (6.5), 


168 Comparison of bimolecular reactions in gas and liquid phases 


for a pair of particles m should be replaced by the reduced weight: (Lmy' =M; + 
M,,'. After insertion we obtain 


AIZ3 
z, tigK ap = 4103L(rA + n $ [RT(M;! + M;'yn]? (6.27) 
n 


The cage thickness 8r can be accepted equal to the diameter of the solvent mole- 
cule: àr — (V/L) ^. For the frequency of collision frequencies in the gas and liquid 
phases we obtain 


Zo gas/Kapzo tiq = 0.09 70(V4 V) (6.28) 


The number of neighbors n = 8-12. Accepting n = 10, we have z, gas/ K. ABZo liq ^ 
(V{V)'°. Since V,«« V (usually V; = 0.2+2% of V), in liquid particles collide more 
frequently. 


Second, in liquid the character of particle motion changes, and this reflects the 
proportion between the total number of collisions and collisions leading to excitation. 
In the gas phase where excitation occurs due to the translatory motion of collided 
particles, the fraction of collisions, whose energy exceeds E, is equal to exp(—E/RT). 
This is a result of the fact that the energy depends on the kinetic energy of two par- 
ticles 0.5m4 v? and 0.5mgv;, i.e., is described by two quadratic terms. In liquid the 
character of particle motion changes from translatory to vibrational: each particle in 
solution executes vibrational motions in the field of molecular forces of solvent mol- 
ecules. In this case, the fraction of encounters of two particles, whose energy exceeds 
E, is equal to (E/RT)exp(-E/RT). In addition, as already mentioned, in liquid only 
vibrations with the encounter energy higher than some threshold value E", partici- 
pate in the activation of all vibrations [see (6.9)]. Therefore, the ratio of rate con- 
stants for the same reaction occurred with the same P and £ in the gas and liquid 
phases is the following: 


kiq za Kas (E/ RT)exp(- E, / RT) 
es f ox 
y 1/3 
E 
=|—| ——-exp(C-E'VR 6.29 
" pr P RT) (6.29) 


Since V/V; ranges from 200 to 30, and E/RT changes from 8 to 40, at £y = 0 
htiq/kgas = 207200, and exp(-E' /RT) usually changes in an interval of 1+0.02. The 
data presented in Table 6.1 agree with the following estimations: in all cases, ky, > 
gas, the average energy value is E'y = 3 kJ/mol. 


Similar conclusions are drawn when this problem is considered in the framework 
of the transition state theory. The rate constant of the bimolecular reaction in the gas 
phase 
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kgs = e(RTILh)exp(AS" /R)exp( Eg, RT) (6.30) 
In the liquid phase 
kiq = e'(RTILh)exp(AS"/Ryexp( Eg /RT) (6.31) 


Assume that Epas = Ej, and the activation entropy differs only because of the free 
volume V; Let us consider the reaction that occurs in equal volumes Vas = Vig = V. 
Almost the whole volume V is accessible for motion in gas. In liquid almost the 
whole volume is occupied by solvent molecules, and only the free volume Vy is 
accessible for motion. Therefore, when a particle goes from the gas to liquid, the 
entropy related to the translatory motion of particles changes by the value 


AS = Sg — Si, = Rin(V/V;) (6.32) 
Since 
AS” = S" - Sa - Sp, then AS; = AS, + Rin(V/V) 
and 


hiiqlkgas = VieV;= 10+70 


Evidently, such factors as the delayed rotation of particles in liquid, solvation of 
reactants and transition state reflect this ratio. Situations are possible where the liq- 
uid medium impedes the bimolecular act, and the reaction in gas occurs more 
promptly than in liquid. However, in all cases, the effect of free volume is retained, 
which as if accelerates the bimolecular act. This effect should also take place in 
strongly compressed gases where the substance density approaches that of liquid. 


6.4. Reactions of polar particles 


Many molecules have polar groups (O—H, C—Cl, C=O, and others). In this 
group the electron density of bond-forming electron pairs is shifted toward the atom 
with the highest electron affinity. Polar molecules possess the dipole moment m 
because the centers of gravity of positive and negative charges do not coincide. The 
exception are molecules in which polar groups form a symmetric structure, so that 
group-dipoles compensate each other and the resulting dipole moment is equal to 
zero (for example, CCl,, CO,, etc.). Below we present dipole moments of several 
molecules in the gas phase expressed in Cm 10”. 
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HCl HBr HI NH, H0 CHCI CHOH CH;COCH; 
348 2.67 128 493 609 656 5.68 9.49 


This particle-dipole is solvated in the solvent. When the solvent is considered as 
a medium with the dielectric constant £, the solvation Gibbs energy calculated per 
mole, according to Kirkwood (1943), is the following (m is the dipole moment, r is 
the particle radius): 
Lp’ e-1 


AGsoy = ~ r? 2g41 





(6.33) 


When two particle-dipoles A and B get into the same cage in liquid, they form 
the associate A.B due to the dipole-dipole interaction. If each particle is considered 
as a sphere with the radius r4 or rg with the point dipole moment p4 or pip, and the 
associate is considered as a bisphere executing rotation around two axes perpendicu- 
lar to the line connecting the centers of spheres A and B, then the constant of equi- 
librium associate formation calculated through the sums of states 


Kap = 107 LV, /Vcg)(81A [magkT) "expCAGA/RT) (6.34) 


where rag = rA + rg is the radius of the dimer, mag = mamp(ma + mp)” is the reduced weight 
of the associate, V and V, are the full and free volumes of solvent, and AG, is the change in 
the electrostatic energy due to associate formation. 
This energy is summated from the change in the energy of interaction of dipoles 
A, B, and A.B with the medium and the change in the polarization energy of parti- 
cles by the medium (0, and at are the polarizabilities of particles A and B) 
24 2 2 
^G,/L uaa, Maly te (6.35) 
3kTris — ras PE 


As a result, we have the following expression: 


3 2 2 
IL EHE ath | 





s 2 mas kT 
a 2 2 2 252 2 
Sol (Ha Hs Han | 28s Ea T (636) 
2e+ll ri fy ras 3kTris TaB Fan 


The energy AG, can reach a value of 220 kJ/mol. The experimentally observed 
rate constant is kexp = Kagke, where k, is the rate constant of transformation of the 
pair A.B into the reaction products. During transformation the pair A.B with [Uap is 
transited to the transition state (A.B)" with His. In the general case, the transition 
state has the different configuration than the equilibrium pair A.B, and ag x Han @. 
The contribution of electrostatic repulsions to the formation of the transition state 
taking into account the equilibrium formation of the A.B pair is 

AG = Gig - GaB = s i-e (6.37) 


3 3 
2€ l| ris d^ 
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Correspondingly, the Gi, value determined from kx» is 


E ee n E-l. _ His Ma _ Hg 
AG, =AG, +95 — 3 @= le (6.38) 
AB A B 





According to this expression, a linear dependence of logk on (1 - €)/(2e + 1) is 
observed very often. The measurements of kexp at different temperatures makes it 
possible to divide (conventionally) the contribution of the electrostatic interaction to 
the activation entropy and enthalpy. Since AS = (-dG/dT), neglecting the contribution 
of the e change with temperature to the temperature run of kexp, we obtain 

ASSEQUI ag ert. (6.39) 
dT 2€+1 2e+1 





because the potential j, as shown in experiment, changes linearly with the change in 
T: 9 =À + To. Then for AH; we have the expression 


AH; = XE - (2e + 1) (6.40) 


The same expression is obtained for the activation energy. For hydrolysis of 
phthalyl chloride in aqueous-dioxane media, A = 62.3 kJ/mol, o = 219.5 J/(mol-K). 


The transition state appeared from two polar particles can be considered in a dif- 
ferent way, namely, as two interacting dipoles. The energy of interaction j of two 
dipoles with dipole moments u4 and ug depends on the distance r between them, 
dielectric constant of the medium £, and mutual orientation of dipoles 


Hw 
o=— PA e F(8,.05.V a5) (6.41) 
Erp 
where 64 and 65 are the slope angles of two polar axes of dipoles to the line connecting their 
centers, and Wap is the angle between two planes each of which passes through the axis of the 
corresponding dipole and axis connecting their centers. 


Depending on the F value, the potential @ changes from -2U,Ugr,, to + 2Ualg 
rọ. If ba = Hp = 6-108 C-m, rag = 4-107 m, and € = 80, then 2 alpra; = 8.5 kJ/mol. 


Considering the transition state as the sum of interacting dipoles, we should 
expect that the following correlations are valid: 


E = E, + (apatlp/erz,)Ink = Ink, - ttltg/RTEr;, (6.42) 


These correlations are often confirmed by experiment. For example, for the reac- 
tion of alkyl halides with amines (quaternary ammonium salts are formed), a linear 
increase in E is observed with increasing both the product Papp and £!, The plots of 
the type AE ~ A[(e - 1y (2e + 1)] and AE ~ AE’) at sufficiently high € (€ > 3) virtu- 
ally coincide. Therefore, when based on experimental data only, we cannot distin- 
guish these two models of transition state. Note that the transition state can be con- 
sidered as a sum of two dipoles if the distance between polar groups exceeds their 
sizes. And vice versa, if polar groups in the transition state are very close, they can 
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be considered as one resulting dipole. 


The transition state as an array of interacting dipoles manifests itself in reactions 
of polar polyfunctional compounds. A molecule of the polyfunctional compound 
with n polar groups represents, from the point of view of the electrostatic interaction, 
a semirigid carcass of atoms on which group-dipoles having a restricted freedom of 
rotation are mounted in certain sites. The distance between centers of the dipoles usu- 
ally exceeds the length of the group-dipole. The dipoles interact with each other, and 
the interaction energy of each pair of dipoles i and j is described by expression (6.46). 
The total energy of interaction of all n dipoles U, = 0.5 XU;. The dipoles are orient- 
ed in such a way that the energy of their interaction is minimum. The energy of 
dipole interaction is rather high. For example, in the bifunctional molecule with an 
interdipole distance of 0.3 nm and pu, = by = 6.7-10?? C-m Upin = -18 kJ/mol. When 
this molecule is attacked by a particle-dipole, the transition state is a multidipole con- 
sisting of n + 1 dipoles. Naturally, the energy of dipole-dipole interaction in it, in the 
general case, differs from the energy of this interaction in the molecule. Therefore, 
the multidipole interaction contributes to the Gibbs activation energy 

ntl ni à 
AG, -L(U7, -U,)- Sor SAS (643) 
2e| y on d s 

The contribution of the interaction of several dipoles to AG" can be estimated 
from experimental data by comparison of the rate constants of the same type reac- 
tions with structurally similar monofunctional (k,) and polyfunctional compounds if 
kn is attributed to one group (k,/n) 


AG, = RTin(nk,/k,) (6.44) 


Multidipole effect manifests itself in reactions of H abstraction from esters by 
peroxyl radicals, reaction of RO; addition at the double bond of unsaturated esters, 
reactions of O, with the C—H bond and double bond of the corresponding esters, 
reactions of RO: with polyatomic alcohols, and reactions of polyfunctional RO; 
with phenols. The multidipole effect appears only when a polar particle attacks a 
polyfunctional molecule. For example, nonpolar -CCl, radicals attack with the 
almost equal rate constants the —-CH,OCOCH,CH; group in esters Ry. 
nC(CH,OCOCH,CH3)n, n = 2, 3, 4 (1/nk, = 46 l/(mol s) at 373 K in CCl4]. The same 
result was obtained for the attack of the n-undecyl radical of mono-, bi-, and tetra- 
functional esters (373 K, PhCl). For the attack with polar RO»: (u = 8:107? C-m) of 
esters and polyatomic alcohols, the multidipole effect is manifested, which is seen 
from the following examples: 


Ph(CH;),COO + C(CH;OCOCH;CH4J(RH) > 
— PH(CH;),COOH +R 
AG, =-4.1 kJ/mol (404 K, o-dichlorobenzene); 
n-C45H350, + HOCH,(CH)),CH))H —> 
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— n-C6H3300H + HOCH(CH,)CH,OH 
AG; = +4.9 kJ/mol (403 K, n-CicHy4); 
n-CigH33Ó; + (CH3),C(CH,OH); — 

— n-C,4H34400H + (CH3)xC(CHOH)(CH,OH) 
AG; =7.8 kJ/mol. 


Since the activation energy of the reaction of RO, with the C—H bond is equal 
to 25+50 kJ/mol, the contribution of the multidipole interaction to the activation bar- 
rier is considerable and can either increase or decrease this barrier. Below we pres- 
ent the results of studying the addition reactions of ROz-, ROOH, and O, at the dou- 
ble bond of mono- and polyfunctional unsaturated (acrylate) esters. 


Reactant RÒ, (styrene) RO, (acrylate) Ph(CH;),COOH 0, 


PR ia tet, sate 323 323 343 343 
k, V(mols)........... 101 0.8 2.4:10° 4-107? 
AHP, kY/mol......... -46 à 30 130 
AG?, kJ/mol........ 0.5 L5 5.6 13.8 


As can be seen, the higher AH”, i.e., the more endothermic the process, the high- 
er the contribution of the dipole-dipole interaction to AG". It is most likely that this 
is related to the fact that the more endothermic the reaction, the closer the structure 
of the transition state to that of the final product, which is polar in nature, and the 
higher the energy of interaction of the dipole of the attacking particle with other 
dipoles. 


Note that the description of the interaction of the polar particle with the medium 
(also polar molecules) as a continuum with the dielectric constant € is a great sim- 
plification. Each polar particle is surrounded by solvent molecules and interact with 
them as with dipoles due to orientation forces to induce their polarization, interact 
due to dispersion forces and often form molecular complexes due to hydrogen bonds 
or donor-acceptor interaction. As a whole, the solvation of one particle or a pair of 
reacting particles appears. This solvation makes the corresponding contribution to 
AG’, positive or negative. Since the configuration of the transition state differs, as a 
rule, from the mutual orientation of particles in the equilibrium state, the transition 
A.B > (A.B)” should be accompanied by the reorganization of solvent molecules 
forming the walls of the cage, i.e., the first coordination sphere of the A.B pair. This 
reorganization includes a change in the average radius of the solvate shell, coordina- 
tion number, symmetry of arrangement of molecules creating the solvate shell, ori- 
entation of molecule-dipoles, values of the induction-induced dipoles, and energy of 
the dispersion interaction between A.B and nearest molecule-neighbors. Each of the 
listed types of reorganization is characterized by its relaxation time. 


How rapidly does the rearrangement of the solvate shell occur compared to the 
elementary act time? The latter, according to the transition state theory, occurs for the 
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time kT/h = 10° s. 1. The average radius of the solvate shell changes, most likely, 
for the time comparable with that of vibrations of a molecule ao? S) for nonviscous 
liquids at room temperature (see Chapter 5). 2. The change in the coordination num- 
ber of solvent molecules around the A.B pair is comparable, most likely, with the 
time of existence of a particle in the cage, i.e., it is 10 9-10 s. 3. The period of 
retaining symmetry of molecules that form the cage lies, most likely, between t; and 
Tay i.e., of an order of 10° s. 4. The time of the rotational relaxation of a dipole in 
liquid is 10-10" s. 5. The induction polarization of solvent molecules occurs due 
to the displacement of the electron density very rapidly, within 105-10 s, 6. 
Dispersion interaction occurs also so rapidly. Thus, different interactions of mole- 
cules in solution occur with different rates covering the range from 107° to 10” s. 
Electron polarization occurs very promptly, a change in the position of molecules 
surrounding a pair of particles is comparable with the elementary act, all spheres are 
rearranged very slowly, and molecular complexes decompose slowly, for example, 
the complex formed by the hydrogen bond lives for 105-10? s. Each type of the 
interaction contributes to the solvation energy of the transition state, so that we can 
write 


AG" = AG* + AG, + AGS, (6.45) 


where the first, second, and third terms characterize the contributions of the orientation, induc- 
tion, and dispersion interactions, respectively. 


In nonpolar solvents AG” = 0, and in polar solvent AG? makes the main contri- 
bution to the solvation of the polar transition state. The dependence of Ink on (e - 
l)e + 1)" is related to AG*, whereas the dependence of Ink on (n° - 1)(2n” + 1), 
where n is the refractive index, is related to AG} + AG;,,. In the entire form the 
dependence of AGZ,, is expressed by the formula 

" £-1 n’ -l 
AE TTIE TET 


where a and b are related to a, Hp, u^, and ra, rg, 7". 








(6.46) 


Activation preceding the reaction influences both the reacting A and B particles 
and solvate shell, and the elementary act in liquid is a cooperative process to a great 
extent. 


Such parameters of the solvent as € and refractive index n do not always allow 
the explanation and description of the empirical influence of the solvent on the chem- 
ical reaction rate. Therefore, several functions were proposed for such a purely 
empirical description (correlation). 


E. Grunwald and S. Winstein proposed (1948) to characterize the solvent by its 
ionizing strength Y = log(k/k,), where k and k, are the rate constants of solvolysis of 
(CH;)3CCl in a given solvent and in 80% C;H,OH at 298 K. The dependence of k of 
any reaction on Y has the form 
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logk = logk, + mY (6.47) 


where m characterizes the effect of solvents on the given reaction as compared to the 
effect of tert-butyl chloride on solvolysis. In essence, this is the interrelation between 
logk of the reaction under study and solvolysis of (CH3);CCI in the chosen series of 
solvents. The ionizing strength of the solvent changes nonlinearly with its polarity 
expressed through (e - 1)(2e + yh 


The Y function is convenient for the description of the solvent effect on solvolyt- 
ic reactions. 


6.5. Reactions of ions 


Compounds with the ionic bond (salts) that form in the solid state the 10n crys- 
talline lattice dissociate to ions. Being dissolved, acids and bases undergo complete 
or partial dissociation where a noticeable chemical interaction of ions with solvents 
occurs. Each ion in the solvent, e.g., in water, is surrounded by the dense solvate shell 
of polar molecules. This shell appears due to the ion-dipole interaction. Solvation is 
manifested, first, in that the dissolution of a salt in H,O is accompanied by a decrease 
in the volume and, second, liberation of a great amount of heat. This is seen from the 
AH values where the ion from the gas phase is transferred to an aqueous solution 
(AH, ;+ = AHg-, AH in kJ/mol) 


H* Li" Na  Mg' zw C Br OH 
AH... 1070 | 512 399 1952 2057 374 34 399 


The strong interaction of the ion with the solvent is reflected all physicochemical 
properties of solutions of electrolytes. The classical electrostatic theory considers the 
i-th ion as a sphere with the radius r; with the charge z,e and the solvent as a medi- 
um with the dielectric constant € = €,exp(-L,7). 


In this simplified approach, the electrostatic components of the G, H, and S func- 
tions are the following (e is the charge of an electron): 
Le z? Leur 
TI (i-L T), S, -—L — (6.48) 
2er, 2er, 


i i 


G, = Le z?/ 2er, H, = 





Since many ions are present in a solution and they interact, this reflects both the 
ion distribution in the solution and their thermodynamic characteristics. 


The reaction between two ions A and B is preceded by their encounter in a solu- 
tion. Ifthe reaction is not limited by encounter acts, then the experimentally observed 
rate constant kexp = KaBke, where Kag is the equilibrium constant of ion pair forma- 
tion. It depends on the properties of both ions (charge, sizes) and medium (e£, ion 
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strength J). Comparing Kag in two solvents with £,( K;,) and e(K,g) and taking into 
account the effect of the ion strength of the solution according to the Debye-Hückel 
theory, for kexp we obtain the expression 





2 2 71/2 u 
Z,2.€ Z, Ze Í (kT) 

Ink = Ink, + InK2, 4——2— (&' -€') +4 6.49 

P d A ATi ( s ) l+r,, P7 ee) 
For Ki, Bjerrum obtained the following expression: 
o -3 A ze f e 

Kay = 4107 L| EAT f ELS (6.50) 

o 2 


where b = Izazole e kTrAB. and rap is the distance between atoms at their tight contact. 


Two important sequences follow from (6.55). First, the rate constant of the ion 
reaction depends on the i jonic strength of the solution and in dilute solution where 
r "AB << I, Alnkg, ~ 1^. which is confirmed by a large experimental material. In 
the case of the reaction of likely charged ions, the slope of Alnk/A(" 3i is positive (the 
ion atmosphere facilitates the reaction); in the case of the reaction between unlike 
ions, this slope is negative, and the higher the product of charges z,Zg, the higher the 
absolute value of the tangent slope. Deviations due to specific features of reaction 
mechanisms are often observed. Second, kexp depends on e in such a way that 
Alnkexy ~ ACE '), In this case, the higher the product |z,zg|, the greater the slope; for 
like charges the slope is negative, and for the unlike ions, the slope is positive. 


It is reasonable to consider the problem about the equilibrium concentration of 
ion pairs in a solution from the point of view of changing the thermodynamic func- 
tions AG, AS, and AH. Since dispersion and electrostatic forces act between ions, and 
the latter depend on the polarity of the medium and concentrations of other ions 
expressed through the ion strength, the equilibrium constant of ion association can be 
presented in the form 


Kap = K,gexp(-AG/RT)exp(-AG/RT) 


2L P 2L Y 2nLI 
AG. wr A G ER ane (6.51) 


where 


Tap £ 10€ 


Correspondingly, for the components of enthalpy we obtain 


d(AG,/T) Lz,z,€ mans 


e d(i/T) Ex. Cao 
din do -1 
dus ldmr E-e) 
3dlnT dinT 


(6.52) 











AH = Dame (87L ds MELL e 
: € 10°¢ 2dinT 2dlnT 


Bimolecular reactions in solutions Influence of medium 177 


For the activation energy, which is determined from experimental data E, — 
RT(dink/dinT), we have the expression [see equation (6.18)] 
dinn 
dinT 
For the entropy contributions to ion association we obtain (S = -dG/dT at p = 
const) 





E, = E+ Ey’ - 3/2RT + AH’, + AH, + AH; - RT (6.53) 

















3 
AS, - Zane dine, 1 dinV isk (6.54) 
heat dT 3 dT £, 
3 1/2 
Kez Lz, 2, € Se 3 dine 1 dinV (6.55) 
£ 10g 2dT 2 dT 
According to this, the pre-exponential factor 
Aexp = Aap AT exp(AsiRexp(l(As, + ASR] (6.56) 


When the A ion reacts with the B molecule, the equilibrium association constant 


has the form 
22 
hkata kot Ge |z aL | 





240 &kT(& e lr r 
Maye ne CONS (6.57) 
_ LAO? py &-1 
kT mn 2€-1 


The considered above electrostatic models of ion interaction are, undoubtedly, 
simplified. Each ion is surrounded by the solvate shell, whose character and sizes are 
determined by the ion, its charge and radius, and sizes of solvent molecules and such 
their parameters as the dipole moment of their polar groups, structure and sizes of the 
molecule. The solvent, its solvating ability, and the influence on the ion interaction 
are not reduced to the medium with the dielectric constant e only. Similarly, the inter- 
action of ions is not restricted by the formation of only the ion atmosphere: ion pairs, 
triples, and associates of several ions appear in the solution. Ion pairs, which can be 
separated by the solvate shell or be in contact to form contact pairs, also differ in 
structure. As a whole, the situation is more complex and diverse than its description 
by the classical theory of interaction of spherical charges in the liquid medium of 
dielectrics. The solvating ability of the solvent is determined only in part by its 
dielectric constant. For aprotic solvents, the ability of their heteroatoms to be donors 
of a free pair of electrons for cations is very significant. The donating ability of the 
solvent is characterized by its donor number DN, which for the solvent is equal to the 
enthalpy of its interaction with SbCls in a solution of 1,2-dichloroethane 
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CHNO,  C4H;NO,  CH,CN  CH,COCH, (CH;),SO CHN 
DN... 27 44 14 17 30 33 


In protic solvents, the ability of the solvent to form hydrogen bonds is important 
in ion solvation. In mixed solvents an ion forms a set of solvates with various com- 
positions. 


6.6. Correlation equations in chemical kinetics 


The question about the relation between the reactivity of reactants and their struc- 
ture is one of the fundamental problems of chemistry. This problem as one of the 
main directions of chemical kinetics was formulated in the general form about 100 
years ago by N.A. Menshutkin in his works on hydrolysis of esters. One of the most 
important directions in this area is correlation equations relating the reaction rate 
constant to thermodynamic and structural parameters of reactants. The first correla- 
tion was proposed by Ch. Taylor (1914) who noticed a proportionality between the 
ionization rate constant of the catalyst and rate constant of the catalyzed reaction. 
The systematic work on correlations in chemical kinetics started from the works of 
J. Brónsted and K. Pedersen who, using the results of their study of the reactions cat- 
alyzed by acids (ku4) and bases (k4), proposed the equations relating the rate con- 
stants of catalytic reactions to the dissociation constants of acids kya (1924) 


kua/p = G(Kuaglp)^, kalq = G(Kuaglp)" (6.58) 


where p and q are the number of equivalent protons in acid HA and the number of equivalent 
charges in conjugated base A’; a, D, and G are empirical constants. 


Based on a large experimental material, L. Hammett in 1937 proposed the known 
po-equation relating the rate constant of the reaction of an aromatic compound to the 
dissociation constant of the corresponding benzoic acid. A year later, M. Evans and 
M. Polanyi derived the empirical correlation AE = QAH for the reaction of sodium 
atoms with alkyl halides. In 1954 N. N. Semenov considered and showed the appli- 
cability of this correlation to many reaction of radical abstraction. Simultaneously 
(1952-1953) R. Taft advanced a postulate about the additive influence of structural 
factors. A diverse experimental material on various reactions of aromatic and aliphat- 
ic compounds and application of the Hammett, Taft, and Polanyi-Semenov equations 
to them was obtained in fifties-seventies. 


A relation between the activation energy E and AH of the reaction is rather evi- 
dent when the reaction is endothermic (AH > 0). In this case, always E 2 AH and the 
stronger the cleaved bond in the reactant, the higher E and the lower the reactivity of 
compounds estimated either through & or through AG”. The Polanyi-Semenov corre- 
lation is very often fulfilled for exothermic reactions: E = A — ag. A diverse experi- 
mental material on activation energies of radical reactions showed that for different 
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types of reactions the coefficients A and g are different. These data are considered in 
more detail in Chapter 9. 


The role of polar effects, among which the inductive, field, and conjugation 
effects are distinguished, is very important in reactions of ions and polar molecules. 
Polar groups appear because atoms of elements differ in electronegativity and upon 
the formation of the A—B bond the electron density of the bond-forming electron 
pair is shifted toward a more electronegative atom. Inductive effect is that the polar 
group acts on the nearest s-bonds to shift the electron density at the adjacent groups. 
The polar character of the bond can be concluded by its dipole moment, which also 
depends on the bond length. 


Bond. C—O C=O CF Ci CBr CH 
w10”, C-m..... 3.6 8.2 6.0 6.8 6.7 5.9 


The inductive effect I is transmitted along the system of s-bonds of molecules and 
decays according to the approximately exponential law: I z z”, where z is the con- 
ductivity coefficient, and n is the number of groups separating the polar group and 
the bond under consideration. For example, for the CH, group z = 0.36 and the induc- 
tive effect, which propagates over the C—C bonds, in the y-position is proportional 
to 0.363 = 0.046, i.e., lower than 5%. The fast decay of the inductive effect is asso- 
ciated with the weak polarizability of orbitals of o-bonds. 


The influence of the polar or electric charge-bearing group is transmitted to 
another group or reaction center of the transition state and directly through the space. 
This is the so-called field effect. When the acting group is a dipole, the action ener- 
gy is determined by the dipole moment, distance, and orientation of the dipole (/- 
effect ^ cos0/r’). The polar effect in aliphatic compounds is transmitted by two ways: 
along the system of o-bonds and directly through the space. Two these methods were 
compared by the comparison of calculation and experiment using as an example the 
dissociation of dibasic acids with the structure 


HOOC COOH Hooc—-< >—coon 


The comparison showed that the field effect prevailed. It is most likely that this 
takes place when the groups are separated by more than one C—C bond. 


Another effect, which affects strongly the reactivity, is conjugation effect. The 
interaction between the bonds and groups occurs due to overlapping of n- and p- 
orbitals in a molecule containing z-bonds of heteroatoms with unshared pairs of p- 
electrons. The conjugation is especially pronounced in the influence of p-bonds on 
the strength of s-bonds in the o-position. For example, in the methyl group of 
propane Dc = 422 kJ/mol, in the CH; group of propylene Dc; = 368, and in 
toluene Dc. = 375 kJ/mol. This great difference is a result of the conjugation of an 
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unpaired electron of the CH, group of the allyl and benzyl radical with m-electrons 
of the double bond and benzene ring, respectively. The conjugation effect also affects 
the values of dipole moments due to a high polarizability of p-orbitals. For example, 
for CHNO, m = 12-10, and for PANO, jt = 14-107? C-m (gas phase). The higher 
dipole moment for nitrobenzene is resulted by the conjugation of p-electrons of the 
aromatic ring with the nitro group. 


The accessibility of the molecular fragment, which is attacked and transformed, 
is very significant for bimolecular reactions. The degree of accessibility often 
depends on the fact whether bulky substituents are present near the reaction center or 
not. The presence of these substituents creates steric hindrances for the reaction. For 
example, phenols form associates due to the hydrogen bond of the O—H...O type but 
when the phenol molecule contains two fert-alkyl groups in the ortho-position, this 
prevents the formation of a molecular complex through the hydrogen bond. 


Various linear correlations are widely used for the quantitative comparison of the 
kinetic characteristics with the structure of molecules and their thermodynamic 
parameters. Linear correlations are based on the linear correlation of free energies. 
This principle is the following. When one fragment is systematically replaced in the 
reactant structure by this or other substituent, the proportionality of the type AG} ~ 
AG; and AG? ~ AG; is observed, where 1 and 2 are indices of the corresponding 
reaction series. Formally the principle looks as follows. Let molecules R—Y—X and 
H-—Y—X, where X is the reaction center, enter into the same reaction, which is des- 
ignated by index 1. The reaction of each reactant is characterized by its change in the 
Gibbs energy; the difference in these energies AG|(R) — AG,(H) = 5pAG;. The same 
correlation is valid for another reaction with index 2. If this reaction is irreversible, 
then RAG, = AG (R) — AG;(H). The principle of linear correlation of free energies 
is fulfilled if the following correlation is valid: 


OgAG; i AdpAG, (6.59) 


Going from DG to the equilibrium constant and from DG# to the reaction rate 
constant, we obtain 


log(kg/kj), = odog(Kw/Ky)i (6.60) 


Linear correlations of this type are very popular, and their use allowed a large 
experimental material on various reactions in solutions to be systematized. The 
Hammett equation is widely used for reactions of aromatic compounds 


log(k/ky) = po (6.61) 


where k and k, are the rate constants of the reactions of substituted and nonsubstituted aro- 
matic compounds; o = log(K/K,); K and K, are the dissociation constants of substituted and 
nonsubstituted benzoic acids in water at 298 K. 


The equation is valid for benzene derivatives with substituents in the para- and 
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meta-positions to the reaction center. The coefficient r characterizes the influence of 
the substituent on a certain reaction series. The polar substituent has the inductive 
effect plus conjugation effect on the reaction center if the substituent contains 7t- 
bonds or an atom with a lone pair of p-electrons (N, O, erc.). If the reaction is the 
attack of an ion with the charge z4 at a molecule with the substituent X with the 
dipole moment ux, then in the framework of the electrostatic model 


e cos6, z, eu, cos0 
EN EN 
298k£, or; kTr; € 
where r; and r, are the radii of the ion of substituted benzoic acid and transition state, respec- 
tively. 


236- (6.62) 


It is seen from this that p depends on both the temperature (p ~ 298/7) and sol- 
vent (£). 


The following functions are also used for reactions of aromatic compounds. 


1. c" is the standard Hammett constant, o" = o for substituents m-CH;, m-Cl, m- 
I, m-COCH;, m-NO;, p-COCH,, and p-NO,, and for other substituents s is deter- 
mined from reaction series. The constants c" reflect the inductive effect only, they 
do not take into account the conjugation effect. 


2. 0^ is the Brown constants, o“ = P, log(kx/k;), where p = -4.54, and k, and ky 
are the rate constants of solvolysis of nonsubstituted and substituted cumyl chloride 
in a mixture of 90% acetone + 10% water at 298 K. 


3. © = log(K,/Kx), where K, and Ky are the constants of acid dissociation of non- 
substituted and substituted phenol in water at 298 K. 


4. o? = &; log(K Kx), where p, = 0.46. and K, and Kx are the dissociation con- 
stants of nonsubstituted and substituted phenylacetic acids in water at 298 K. 


The Taft constant o* is used for reactions of aliphatic compounds 


«2 1 lool Ae | ago] 08 
[e] za e] (6.63) 


where kya and kg are the rate constants of acid and base hydrolysis of esters of substituted 
acetic acids XCH;COOR,; constants with index “zero” correspond to X = H. 


The dependence has the form log(kx/k;) = p*o*. Later this equation was modi- 
fied. Taft introduced the principle of additivity of the influence of different factors on 
the reactivity of a compound: each factor, being it inductive, conjugation or steric, 
affects AG" independently, so that for each reaction series log(k/k,) or log(K/K,) can 
be presented as the sum £p,6,, where o; reflects the contribution to a change in AG” 
of the corresponding factor related to the substituent. For aliphatic compounds the 
Taft equation has the form 


log(&/k;) = P161 + p,E, (6.64) 


Here ©; characterizes the inductive effect of the substituent: o; = 0.276log( K/K,) 
(K and K, are the dissociation constants of XCH,COOH and CH,COOH in H,O at 
298 K), o; = 0.450*. The constant E, characterizes the steric factor, E, = 
log(Kan/ko an), as in the case of 6*; kay and k, ay are the rate constants of acid 
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hydrolysis of XCH,COOR and CH,COOH, respectively. 


A series of multiparametric equations was proposed to characterize the reactivi- 
ty of aromatic compounds, one of them has the form 


log(Kk,) = P/O; + PROn + PEs (6.65) 
where o, is the inductive constant; E, reflects the steric influence (see above); pg is the reso- 
nance constant, which is determined as follows: O} =2.17log(K/K,), where K and K, are the 
dissociation constants of substituted XC,H,COOH and nonsubstituted phenylacetic acids 
(H,O, 298 K). 


The constant Of reflects the resonance effect of a substituent, it is calculated from 
the following equations: for para-substituents Og = 1.140; - 6 and 6, = 2.63(o — 
6j) for meta-substituents, © is the Hammett function. 


The principle of linear correlation of free energies is fulfilled rather often but not 
always. It must be fulfilled when the following conditions satisfy. 1. When one-stage 
equilibrium reactions (XCH;COOH z2 XCH2CO, + ROH) or irreversible reactions 
(XCH;COOR * OH — XCH;COO + ROH) are compared. Complex multistage 
processes including various equilibria may also obey the correlations but such corre- 
lations are often random: breaks in the logk - © plot are observed efc. 2. When the 
reactions centers of the reaction under study and those of the correlation used are 
close. For example, the correlation of logk with o (for aromatic) and o, (for (aliphat- 
ic compounds) is suitable for acid hydrolysis. 3. When substituents in the reaction 
series are selected in such a way that they affect the reaction center by the same 
mechanism, for example, inductive, or create only steric hindrances, etc. 4. When 
reaction conditions (solvent, temperature) in two compared reaction series are iden- 
tical or close. Coefficients r are often used to substantiate the reaction mechanism. 
Since p depends on the conditions and in the mutistage reaction it also depends on 
the mechanism and similarity factors may be between reaction centers different in 
structure, arguments of this kind are always doubtful. 


The linear correlation of free energies results in the linear correlation of activa- 
tion energies if one of two conditions is fulfilled: in the considered reaction series all 
pre-exponential factors are equal (A; = A = const) and then log(k/k,) = (E, - E)/2.3RT, 
or AlogA; ~ AE;. 


In the framework of the transition state theory, the following proportionality cor- 
responds to the linear dependence Alogk; ^ AE 


8&AG" = (B - 0, AS" (6.66) 


It should be kept in mind that this effect appears as a result of errors in the meas- 
urement of E. If the true activation energy is E, and it was determined as E, then 
since logA is calculated as logA = logk + E/2.3RT, the overestimation of log4 by a 
value of AE/2.3RT corresponds to the increase in E by AE = E — E, For AE = 6 
kJ/mol AlogA — 1.05 at 300 K. Therefore, the variation of A within one—two orders 
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in one reaction series can result in errors in the measurement of E. However, there 
are many examples that logA changes in wider limits: for the solvolysis of substitut- 
ed benzoyl chlorides, e.g., 4 changes in an interval of 15 orders of magnitude. 


The compensation effect is absent from gas-phase reactions of atoms and radicals 
with molecules, it is not either observed for radical reactions in solutions when one 
of two reactants is a nonpolar particle. One of the sources of this effect is the influ- 
ence of the medium on the elementary act of polar particles. The rate constant of 
bimolecular reaction in a solution depends on the association constant of particles 
K,p, amplitude of vibrations of particles a ~ V/^^ , and dielectric constant £. All these 
values are temperature-dependent, which contributes to the experimentally deter- 
mined activation energy and create the compensation effect (see Sections 8.2 and 
8.4). Another source of the effect is a complex mechanism of the reaction and the 
dependence of its observed rate constant of various equilibria into which reactant- 
molecules enter. 
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Chapter 7 


Radical reactions 


7.1. Decomposition of molecules to radicals 


Many organic molecules are stable in the liquid state and decompose to radicals 
only in the gas phase. Their decomposition occurs often as chain reactions (see 
Chapter 10). A restricted scope of compounds decompose with a noticeable rate in 
the liquid phase. They are compounds with rather weak O—O, C—N, and S—S 
bonds. The decomposition of such compounds as peroxides and azo compounds, 
which are widely used in technology and research practice as initiators of chain liq- 
uid-phase reactions, was studied in detail. Using these compounds, the following 
three mechanisms of molecule decomposition were found and studied: decomposition 
with the cleavage of one bond, concerted decomposition with the cleavage of sever- 
al bonds, and decomposition with chimerical interaction. 


7.1.1. Decomposition of molecules with cleavage of one bond 


In this case, an excess of vibrational energy in a molecule is concentrated at one 
of the weakest bonds, and the latter is decomposed to two radicals. Hydrocarbons, 
dialkyl peroxides, many diacyl peroxides, peresters, and some oxo compounds 
decompose in such a way 


ROOR RC-«RO 
CH3C(0)O-OC(O)CH; 2 CH;COO + CH;COO 
Ph;C—N=N-Ph — PhC + N-NPh 
The radicals that formed can undergo further fragmentation, for example, 
CH;COO 5 €H; * CO; 


In this case, the successive (stepped) fragmentation of a molecule to radicals 
occurs or the so-called nonconcerted decomposition at several bonds. 
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The nonconcerted decomposition of molecules to several fragments is character- 
ized by the following features. 


1. A certain dependence of the composition of products on the concentration of a 
free radical acceptor. For example, the decomposition of tert-butyl peroxide afford as 
primary product two tert-butoxy radicals, each of which enters into one of two pos- 
sible reactions (RH is considered as an acceptor of RO: radicals) 


(CH;);CO—*~ CH;COCH; + CH; 
RH + (CH3,CÓ —5 (CH;);COH + R 


The following linear kinetic correlation is fulfilled for this mechanism of alcohol 
and acetone formation: 
CH,COCH k 
[CH,COCH,] = = [RH] (7.1) 
[(CH,),COH] k, 


If this peroxide decomposes according to the mechanism of concerted decompo- 
sition, we would deal with the following mechanism of the formation of alcohol and 
acetone: 


(CH3);COOC(CH;); —— (CH;CÓ + CH,COCH; + CH; 
(CH3CO —*—> CH;COCH, + CH; 
(CH;);CO + RH —*> (CH;);COH + R 


and 
[CH,COCH, | 2 


k 1 
(e. cou ^n = 


i.e.., this dependence would be nonlinear. 


2. For the cleavage of one bond, the volume of the activated complex is larger 
than that of the initial molecule and, hence, an increase in pressure retards this 
decomposition (see below). The opposite situation is observed for the concerted 
decomposition of two bonds. 


3. If the molecule is decomposed with the cleavage of only one bond, a portion 
of free radicals formed in the cage recombines to form the initial molecule, for exam- 
ple, 


CH,COO' + CH; + COO" 


P dd 


— 
2CH,COO 





CH;COOOCOCH; CH,COO' + CH,COO 





In these cases, first, the decomposition rate constant depends on the solvent vis- 
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cosity (the higher the viscosity, the lower the observed decomposition rate constant). 
Second, an optically active compound is partially racemized at its incomplete decom- 
position. When diacyl peroxides labeled by 180 at the carbonyl group, "0 is partial- 
ly transferred from the carbonyl into peroxide group 
180 180 o 
I l | 


RCOOCR—  ——- RC—— 189 


(0) 








180 CR 

4. The activation energy of decomposition with the cleavage of one bond is equal 
to the energy of this bond cleavage, and the pre-exponential factor is not lower than 
1013 s`. In the case where one O—O bond is cleaved, AH" = AH’. The different pic- 
ture is observed when perester decomposition proceeds as the concerted cleavage of 
two bonds. 


7.1.2. Decomposition with concerted cleavage 
of two bonds 


Sometimes a molecule decomposes to give not two but three or more fragments. 
This concerted cleavage of two bonds in the molecule with the formation of a new 
molecule and two radicals occurs when it is energetically more favorable than the 
simple decomposition of one bond. The decomposition of perester with the cleavage 
of only one O—-O bond requires the energy expense equal to the energy of this bond, 
i.e.., 140+160 kJ/mol. 


Decomposition of the type 


O 
5 : . 
RC C(CH3,——» R* CO, ag (CH3)3CC 

N Oo— o 
becomes energetically favorable only when the R—C bond is weakened, and this 
takes place in the case where the R- radical is stabilized. This decomposition with the 
simultaneous cleavage of the C—C and O—O bonds occurs, e.g., during the decom- 
position of phenyl peracetate 


^ " . 
PhCH,CA. C(CH3,———» PhCH, * CO, * (CH;);CC 


O—0^7 
In this case, the concerted mechanism is favored by the comparatively weak 
PhCH;—C bond; the enthalpy of concerted decomposition is only 34 kJ/mol. 


Decomposition with concerted bond cleavage is characterized by the following 
properties. 


1. The activation energy of molecule decomposition for the concerted cleavage of 
bonds is much lower than that for the decomposition of one bond for this class of 
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compounds. For example, the activation energy of the decomposition of peresters at 
the O—O bond lies in the interval from 140 to 160 kJ/mol, and for the concerted 
cleavage of the O—O and C-C bonds the E value varies from 90 to 125 kJ/mol. The 
comparison of AH” with AH? for concerted decomposition shows that always AH" < 
< AH’, i.e.., the energy state of the activated complex differs noticeably from that for 
the reaction products. 


2. The cleavage of one bond in the molecule is always accompanied by an 
increase in its sizes. Therefore, AV” always higher than zero, and an increase in pres- 
sure retards decomposition. For the decomposition of peroxide compounds with one 
bond cleavage AV" = 10 +3 cm?/mol. Concerted decomposition occurs with the for- 
mation of a more compact transition state. Therefore, its AV" is lower than that for 
the decomposition of one bond, in some cases AV" < 0. The pressure accelerates or 
weakly affects concerted decomposition. 


3. For the same reason, the activation entropy for the concerted decomposition of 
peresters is low (-20 + +20), whereas for the decomposition with the cleavage of one 
O—O bond AS* lies in the 40 + 80 J(mol-K)' interval. The AH” and AS* values can 
be used to choose between two mechanisms (concerted and nonconcerted). However, 
one should be very careful in using AH” and AS", first, because they are very sensi- 
tive to the medium (solvent) even for nonconcerted decomposition; second, because 
of an inaccuracy in measurement of both E (AH^) and A (AS^). The decomposition 
rate constant at a constant temperature is more reliable. 


4. The transition state at the concerted decomposition of peresters and diacyl per- 
oxides has the polar structure of the R^...CO;...OR type. Therefore, the concerted 
decomposition of peroxide compounds depends on the solvent polarity: the higher 
the polarity, the faster the decomposition. 


5. Decomposition to a molecule and two radicals makes it impossible to recover 
the initial molecule in the cage from primary reaction products. Therefore, the sol- 
vent viscosity has almost no effect on the concerted decomposition of molecules. 


6. In the decomposition of azo compounds, the concerted decomposition is man- 
ifested in the fact that k and E of the decomposition of symmetric and nonsymmetric 
azo compounds differ strongly, whereas the difference is low for the decomposition 
of only one bond. 


The following reaction is a very interesting example of decomposition with the 
concerted cleavage of three bonds: 


(CH;)COOC(CH;);COOOC(CH;); > 
— (CH3);CO + CH;COCH; + CO; + (CH3,CÓ 
logk = 10.4 - 78.6/2.3RT 
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7.1.3. Decomposition with chimerical interaction 


Chimerical decomposition with the cleavage of one bond and formation of anoth- 
er bon is close to concerted decomposition. ortho-Substituted esters of perbenzoic 
acid decompose very rapidly if the substituent X is the iodine atom, RS radical or a 
substituent with the double bond. The accelerating effect of these ortho-substituents 
is explained by the fact that the cleavage of the O—O bonds in the transition state is 
compensated in part by O--- X bond formation, for example, 


fü 
C. [S 
Soe OR——»- O-- OR——» 
N * RÓ 


Radical I appears as an intermediate Ti and gives the products 


COOH COOPh  PhOOC E 
i CL X2 SOPh 


Generally speaking, the substance can decompose in parallel via two and more 
routes through different transition states. For example, benzoyl peroxide decompos- 
es mainly with the cleavage of one O—O bond, However, as shown by the method 
of chemical nuclei polarization, its concerted decomposition also occurs in part 


n=O 


we PhCOOPh 
PhCOOOCOPH— ——3- PhCOO + CO, Ph S 
PhCO, + Ph + CO; 


The ratio between the directions of decomposition changes depending on the con- 
ditions: temperature, polarity of the solvent, its viscosity, and pressure. The existence 
of parallel routes of decomposition is, most likely, the main source of contradictory 
conclusions of independent authors concerning the mechanism of decomposition of 
this or other initiator. 


7.1.4. Influence of pressure 


When a molecule decomposes to radicals, one of the bonds is stretched, and the 
molecule in the transition state occupies somewhat larger volume: AV" = y - V» 0, 
usually V being expressed in cm fmol. The A7” value is calculated from results of 
experiments on substance decomposition at different pressures (the pressure is usu- 
ally varied from 10° to 10? Pa). According to the transition state theory, 
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dink — 1(9AG AV* 

IIE EOE E 7. 

dp zl Op | RT 05) 
AV“ = -RTdink/dp (7.4) 


Since decomposition occurs in the liquid phase, the cage effect should be kept in 
mind 


A—B a A.B—5—»5 Other products 


The decomposition rate constant measured in experiment is k,(1 + Kk y. 


Therefore, AV, calculated from experimental data, in this case, is equal to 
AV = AV* * RTQ[In(1 + £'/ kI (7.5) 
In turn, 
AV — AV; + AV; 


where AV is the change in volume due to bond extension, and AV; is the change in volume 
related to the change ín the solvation shell in the transition state. 


The term AV? contributes to AV" during the decomposition of peroxide com- 
pounds with the cleavage of two bonds when the polar transition state is formed 


O 


aoM] 222 
BD OR 
O 


This results in “thickening” of the solvate shell, makes AV? < 0, and decreases 
substantially AV”, so that sometimes AV^ < 0. At the same time, the decomposition 
of peroxide compounds with the cleavage of two bonds proceeds through the com- 
pact transition state because the extension of two C—O and O—O bonds is partial- 
ly compensated by the shortening of another C—O bond due to the formation of the 
double bond 


O 
ma — É 
o—o— SS 0— 

An interesting method to determine AV^ without using pressure was proposed for 
the measurement of k of the decomposition of tert-butyl! perbenzoate i in several sol- 
vents with different internal pressures. Starting from AV" = 12 cm 3/mol, the values 
of this pressure in each solvent were calculated and used for the estimation of AV". 


The dependence of logk on p is often nonlinear. In the general form, the depend- 
ence of k on p is the following: 
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1 P 
Ink = Ink, -— | AV" 7.6 
are f (1.6) 


The dependence of AV" on pressure is theoretically unknown and, hence, it was 
determined empirically from the plot of the dissociation rate constant of electrolytes 
versus pressure. Under the assumption of the linear change in free energy, we have 

log(K/K,); = Blog(k/k,); 


where index i is referred to equilibrium, and index j is referred to the j-th reaction. 


The plot of k versus p has the following form: 


veep 
logk = logk, - ——— 7.7 
E EN 23RT i bp oD) 


where index 0 is referred to the state at p = 0; b = 9.20- 107° pal. 





The AV value is related to the pressure by the dependence 
AV = AV'(1 + bp)? (7.8) 


The factor (1 + bpy? takes into account the fraction of the volume effect at p = 0 
that takes place at pressure p. 


7.1.5. Influence of medium 


In the liquid phase, both the initial molecule and activated complex exist in the 
field of molecular forces of surrounding molecules, and these forces exert a pressure 
of (1+5)-10° Pa on each particle. This internal pressure in liquid has an effect on mol- 
ecule decomposition. For the homolytic decomposition of one bond, the volume of 
the activated complex is somewhat greater than that of the initial molecule: AV" - V= 
AV*, AV* = 10 cm?/mol for the decomposition of benzoyl peroxide. On going from 
the gas to liquid with an internal pressure of 2-10? Pa, Alogk = -0.30, i.e.., kk, = 
2 at AV" — 0.01 I/mol and T= 400 K. Therefore, the internal pressure in liquid should 
somewhat retard homolytic decomposition with the cleavage of one bond. 


In addition, due to the cage effect some radical pairs recombine in the cage to 
form the starting molecules. For example, when acetyl peroxide decomposes, as 
shown by the study with 180, approximately one third of radical pairs in acetic acid 
recombine to form peroxide. Thus, it can be expected that in the liquid phase decom- 
position rate constants of substances with the cleavage of one bond are two- to three- 
fold lower than those in the gas phase. The comparison of experimental data shows 
that the rate constants and activation energies of decomposition of these molecules 
are close in fact. Usually kinetic measurements in the gas phase are carried out at a 
higher temperature than in solution; extrapolation by temperature serves as an addi- 
tional source of data divergence. If two bonds are consistently cleaved, then AV" < 
0, and the internal pressure of the liquid, in this case, should have a weak effect on 
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decomposition. Experimental data on the decomposition of such substances in the 
gas phase are lacking. 


The solvent has a strong effect on concerted decomposition, which was proved 
for the decomposition of isobutyryl peroxide, whose decomposition rate constant 
varies from 3-10? in isooctane to 58:10? s^ in nitrobenzene (313 K). A linear 
dependence between logk and (e-1)/(2e+1) is fulfilled for polar solvents, and nonpo- 
lar solvents are characterized by a linear dependence of logk and solvent polariz- 
ability. The solvent effect on the decomposition rate is related to the polar structure 
of the transition state 
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The authors believe that this is confirmed by a linear correlation between the 
change in logarithms of decomposition rate constants & and those of the reaction of 
pyridine with tert-butyl perester of formic acid k’: Alogk ^ Alogk’. 
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7.2. Isomerization of free radicals 


The first case of radical isomerization was established by Urri and Kharash in 
1944 for the neopentyl radical. Many other examples of radical isomerization were 
discovered during next 40 years. In most cases, it was proved by the composition of 
formed molecular products of multistage radical transformation. Quantitative data on 
this class of reactions are yet insufficient. Various isomerization reactions of radicals 
can be grouped as follows: isomerization of hydrogen atom abstraction, with group 
migration, with closure and breakage of the cycle, and cis-trans- isomerization of 
allyl radicals. 


7.2.1 Isomerization with hydrogen atom abstraction 


Free radicals are prone to the abstraction of the hydrogen atom from C—H bonds. 
In several cases, reactions of this type occur intramolecularly and then the position 
of the free valence in the radical changes. These reactions occur with a noticeable 
rates in structures where the five-, six- or seven-membered transition state can be 
formed, for example, 
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CH (CH,),CH COOCH; — CH4(CH;), CHCOOCH; 


The starting radical was photochemically generated from a molecule of the cor- 
responding bromide; the radical obtained was fixed by the nitroso compound (radi- 
cal trap). The position of the alkyl radical added to the molecule-trap was established 
from the EPR spectrum of the formed stable nitroxyl radical. The rate constant is 
determined by the radical structure and, depending on the number of methylene 
groups n, it equals (benzene, 313 K) 


Hint ds en 2 3 4 
ks cee 7.8-10° 1.3-10° 1.8:10° 


Isomerization occurs with the highest rate when the geometrically most favorable 
six-membered cycle of the transition state is formed. This isomerization from posi- 
tion 1 to position 2 does not occur due, most likely, to great deformations of bond 
angles in the three-membered cycle of the transition state. 


Isomerization 
PhCH;(CH;), CH; > Ph CH(CH2);CH; 


occurs with k= 2-10* s” (323 K, benzene). The following isomerization occurs slow- 
ly: 


C(CH3, C(CH3)3 
(CH3)3C *  —————— (CH3)3C H 
C(CH3)3 CH>C(CH3)> 


Similar isomerization was found for alkoxyl radicals, for example, 


CH;CH,(CH)),C(CH3),0 — CH4€ H(CH;),C(CH3),0H ——> 


The occurrence of this reaction was judged from the formation of the correspon- 
ding chloride upon the decomposition of hypochloride. Since the tert-alkoxy] radical 
decomposes to form acetone, the ratio of rate constants of isomerization to decom- 
position was estimated from the [chloride] : [acetone] ratio. The composition of the 
ROCI products was studied in which R = CH4(CH;),C(CH3y, n = 2, 3, 4. Atn = 2 
only the methyl group is attacked, and at n = 3 and 4 only the methylene group is 
attacked. The rate constants calculated for 273 K at kz = 5.1-10° s” are the follow- 
ing: 
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The ere 2 3 4 
k, RM 24410* 3240 1.5104 
E, kY/mol........... 38 32 39 


It is seen that isomerization is most fast at n = 3, ie.., when the six-membered 
cycle in the transition state is formed. 


The intramolecular attack of the free valance at the C—H bond is also observed 
for peroxyl radicals. The oxidation of branched paraffins is accompanied by isomer- 
ization 

in H OOH 
| | : 
(CH3C(CH5)nC(CH3); —— —»- (CH3);C(CH?)nC(CH3); 


due to which biatomic hydroperoxide is formed. The rate of intramolecular attack 
depends on the number of methylene groups separating the reaction centers 


Tissue 0 1 2 3 
k, RENE 0.2 18 8 1 
E, kJ/mol... 94 73 71 79 


The number n=Icorresponds to six-membered cycle of the transition state at 
which the maximum isomerization rate is observed. The activation energy of RO, 
isomerization is much higher than that of RO-, which is resulted by the difference in 
AH. 


7.2.2. Isomerization with migration of group 


The migration of the phenyl group in alkylaryl radicals is well known, for exam- 
ple, 
Ph4CCH; > Ph, CCH;Ph 


Alkyl radicals rapidly detach H from R;SnH. For the reaction of PhjCCH;CI with 
Ph3SnH the products of the reaction of R3SnH with both radicals were found, name- 
ly, Ph;CCH; and Ph;CHCH5Ph. The isomerization rate constant was estimated by 
the method of competitive reactions to be 51107 s” (373 K). Substituents affect iso- 
merization of this type, which is seen from the yield of the isomerization products 


(CH3)(C6H4X)CCH, > (CH3).CCH»C,H,X — 
=> (CH34;CHCH;C4H4X 


depending on the X substituent (RH is tetramine, 403 K) 


A duse ten OCDE n-OCH; n-CH; H n-Br n-NO, 
9(CHjb5CHCH;,CQH4X... 19 35 44 60 96 
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The migration of the phenyl group in radicals of fused aromatic structures is 
accompanied by an increase in the sizes of the cycle 


HC Ct 
2 CH; CH; 


Arylalkoxyl radicals undergo similar isomerization, for example, 
Ph3;CO — Ph;C OPh 
The rate constant of this reaction is higher than 10$ s? (300 K). 


Isomerization with the displacement of the free valance if the radical contains a 
double bond is also known, for example, 


Om OQ 
CH;——»- ——— 
; Ci 


The following mechanism of rearrangement is proposed as the most probable: 


AN i ie 
i i a 
"d r3 CH, 
p e > CC =e Ng C b= 


7.2.3. Isomerization with cycle closure and opening 


Alkyl radicals bearing the double bond are prone to cycle formation if this is 
allowed by the geometry of the carbon skeleton of the radical, for example, 


CH; CH; 


cs 
CH , 
(jt — RH 


The reaction is rather prompt, k = 10? s! (313 K). 
The following cyclization occurs rapidly (k = 6:105, s', 398 K): 


Ph Ph 
Ph4CH-CHCH;CH; — —9 RH 
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By contrast, radicals with the cyclic structure are isomerized with ring opening, 
for example, 


e ns H 
CH; ——- C—cCH 
L 2 CH,“ 2 
7.2.4. Isomerization of unsaturated compounds 


cis-trans-Isomerization of vinyl compounds proceeds via the intermediate radical 
state, for example, 


CHS 1 CH ; CH C-H; 
P 7 
ahea N TM L N 


we C y A. + C=C 
H GH; H CH; H © 
h b 
CH I CH GH- 
Nox s x- c 
H GH; H I 


For some time the radical retains the trans-configuration of the initial molecule; 
the transition to the cis-configuration is related to overcoming of an activation barri- 
er of approximately 60 kJ/mol. 


The allyl rearrangement of the type 
CH;-CH-CHYR — YCH;—CH-CHR 


is also initiated by free atoms and radicals as it is seen from the following example: 
Br + CH;-CHCHBICH, £2 BrCH,CHCHBrCH; = 
= BrCH;CH;-CHCH, + Br 
The theoretical estimation gives k = 3-10 exp(-70/RT) s` for the isomerization 
of the allyl radical. 


The Claisen rearrangement also proceeds via the radical mechanism, which 
requires either a high temperature (T > 700 K or the introduction of an initiator at a 
moderate temperature 


OR OR n 
, | P 
PhC—= CH, * R-———> PhC— CH,R———> PhCCHjR *R 
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7.3. Decomposition of free radicals 


Radicals with the structure that allows the energy compensation of the cleavage 
of one bond by the appearance of another bond are prone to fast decomposition. This 
is observed for radicals of the R—CH,—CH, type, where the cleavage of the R—C 
bond is partially compensated by the formation of the n-C-C bond, and radicals of 
the RR;R3C— Y: type, where the cleavage of the Rı—C bond is compensated by the 
appearance of the C—Y bond, and in similar structures. 


The ethyl radical decomposes with C—H bond cleavage to ethylene and hydrogen 
atom 


C,H; > CH=CH, + H 


The activation energy is virtually equal to the endothermic effect of the reaction, 
and the decomposition rate constant in the gas phase if ky = 3- 10Pexp(-170/RT) s”. 
The propyl radical decomposes via two parallel routes, namely, with the cleavage of 
the C—H and C—C bonds 


CH;CH;CH, — CH4CH-CH,; + H 
k = 6.3-10Pexp(-159/RT) s` 


CH;CH;CH, — CH;-CH, + CH; 
k = 4.0: 10Pexp(-138/RT) s'! 


The isobutyl radical also decomposes via two directions with the cleavage of the 
same bonds 


(CH;),CHCH, — CH;CH=CH, + CH; 
k = 1.6:10'*exp(-137/RT) s” 


(CH CHCH, -> H + CH,=CC(CH;)2 
k= 5:10 exp(-153/RT) s! 


7.4. Recombination and disproportionation of radicals 


Recombination of atoms differs basically for the gas and condensed phases. In the 
gas atoms recombine upon the collision of two atoms with the third particle, which 
receives a portion of the energy liberated in the recombination act. In the liquid the 
excited molecule formed in the recombination act immediately donates an excessive 
energy in collisions with surrounding molecules, i.e.., the recombination of atoms in 
the liquid and solid is bimolecular with the rate constant of diffusion collisions (see 
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Chapter 5). 


7.4.1. Alkyl radicals 


Recombination of alkyl radicals, as that of atoms, occurs practically without an 
activation energy. In the gas phase at a sufficiently high pressure the recombination 
of methyl radicals is bimolecular with the rate constant close to (1/4)z, (where z, is 
the frequency factor of bimolecular collisions, and the factor 1/4 reflects the proba- 
bility of collisions of particles with the antiparallel orientation of spins). The theo- 
retical estimation of the constant at a collision diameter of 3.510 m agrees with 
the experimental value 2k = 2-10? l/(mol:s) (300 K). This k value agrees with the 
estimation by the theory of absolute reaction rates under the assumption that the free 
rotation of methyl groups is retained in the transition state. In the liquid the recom- 
bination of methyl radicals is bimolecular with the rate constant of diffusion colli- 
sions (see Chapter 5). For example, in water 2k — 3.210? l/(mol:s) (298 K). Ethyl 
radicals react with each other by two methods: recombine and disproportionate 


GH, + GH; —— CH; 


GHs + GHs —*> CoH, + CH, 


The overall constant 2(k, + k4) = 2,2: 10° l/(mol:s) in H,O at 298 K. The ratio k /k, 
= 0.13 in the gas phase and 0.18 in isooctane. This ratio increases with viscosity: it 
is equal to 0.27 in ethylene glycol. This is explained by the fact that transition states 
for recombination and disproportionation are different, and disproportionation occurs 
through a more contact transition state. The difference V, - V, — 2.6 cm’/mol (273 
K), and the k,/k, ratio depends, therefore, on the internal pressure of the liquid pg 


(kalko) = -1.08 + 1.510 5p? (7.9) 


The k/k, ratio depends slightly on temperature: kg'ke = 0.087-exp(1.55/R T). The 
ratio between recombination and disproportionation depends, naturally, on the struc- 
ture of the alkyl radical, which can be seen from the presented data (decaline, 303 K) 


Radical... CH; ^ CH,CH,CH, (CH;),CH  (CH4,€ Ph(CH,),¢ 
+) 0.12 0.13 1.2 72 0.05 


A comparison of the tert-butyl and cumyl radicals shows that the delocalization 
of an unpaired electron dramatically decreases the probability of disproportionation. 
At the same time, the k,/k, ratio increases for alkyl radicals in the sequence primary 
< secondary < tertiary. A rigid conception that describes quantitatively this competi- 
tion is lacking. 
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7.4.2. Aminyl radicals 


Aliphatic aminyl radicals, as alkyl radicals, enter into disproportionation and 
recombination reactions. The reaction direction depends on the radical structure. For 
example, methylaminyl radicals predominantly recombine and diisopropylaminyl 
radicals disproportionate 


2[((CH3)CH]N — [(CH3),CH],NH + (CH3;CHN-C(CH;) 


The reaction between two aminyl radicals is not always limited by diffusion, 
which follows from the following data (C;Hg, 300 K): 


Radical... (CsH),N |. (CH3)CNH [(CH;),CH],N 
2k, V(mols)............. 1:10? 2:10/4.5-10$ 


The bulky tert-butyl substituent loses the free rotation of methyl groups during 
aminyl radical recombination. This results in the loss of entropy during the forma- 
tion of the transition state and a decrease in the rate constant. Two isopropyl groups 
in the corresponding aminyl radical sterically hinder recombination and, therefore, 
disproportionation occurs. The transition state is rather compact in this case, and its 
formation is also accompanied by the entropy loss, which explains the low value of 
ky. 


Diphenylaminyl radicals recombine by three different methods 


PhjN— NPh; (a) 
Ph.N 
PhjN * NPh; NPh (b) 
H 
PhóN NPh 
(©) 


The ratio between them is the following: 1.0 (a) : 0.15 (b) : 0.03 (c), i.e.., the for- 
mation of the dimer with the N—N bond prevails. The overall constant 2k, = 2.7: 10’ 
I(mol-s) (toluene, 298 K). Electropositive substituents in the para-position retard 
recombination, whereas electronegative substituents accelerate it. The following lin- 
ear correlation is fulfilled between logk, and o Hammett constant: 


logk = 7.24 + 1.506 (7.10) 


It is seen that the recombination of aromatic aminyl radicals is not limited by dif- 
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fusion but is determined by their structure. Recombination is accompanied by the 
entropy loss due to the loss of the free rotation of the phenyl rings and occurs with 
the activation energy. For example, for the recombination of the p-methoxydipheny- 
laminyl radicals E = 12 kJ/mol, AS* = —97 J/(molK). Naphthylaminyl radicals recom- 
bine only with the formation of N—C and C—C bonds likely due to steric hindrances 
created to the formation of N—N dimers by the naphthyl rings and to the instability 
of hydrazines that formed. Aminyl radicals formed from p-diamines disproportion- 
ate with diffusion rate constants 
2PhNCSH4NHPh — PhNC,H,NPh + PhaNHC,H,NHPh 


2k = 1.6:10° l/(mol:s) (toluene, 298 K). 


7.4.3. Peroxyl radicals 


Disproportionation of peroxyl radicals was studied in detail because in the liquid- 
phase oxidation of organic compounds chains terminates by this reaction. The exper- 
imentally measured rate constants of RO, decay change in a wide interval depend- 
ing on the structure of the radical (303 K) 


Radical RCH,OO RCHOOÒ R;COO  RC(0)OO 
2k, V(mol's) (2+4)108  (1+10)10f (1«50)10 — (320)10' 


The mechanism of peroxyl radical disproportionation is rather complicated and 
includes several stages. Tertiary peroxyl radicals react in a solution as follows: 


RO, + RO, c ROOOOR 
ROOOOR — RO+0, + RO 
RÓ + RÓ—É— ROOR 
RO+RO—2-52RO 
Below we present the K, values (303 K), AH, and AS for the first stage 


RÓ,........... Sicile K,Vmol - AH, kJ/mol AS, J/(mol-K) 
(CH3)COO.............. 122 37 142 
C)Hs(CH3),COO.... 8.5 31 121 
Ph(CH3),CCOO ...... 22 38 134 


The following expressions for the rate constants of individual stages at 303 K 
were found for the rehire radical: ke = 3:10 exp(- SRT)- =10 P. ke 
= 440^ exp(-44/RT) = 9:10" s”, ky = 10'exp(-67/RT) = 3:10? s”, k’, = 1:10? 
k’p= 6: 10'* s, Since ka << ke the experimentally measured value 2k = 2kakek uz 
tk). 
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For primary and secondary RO; Russel proposed the concerted decomposition of 
tetraoxide 


SHREK. 
H O 
r ^4 N 
R'R C. Up E R'R"C-O + O, * HOCHR'R" 
0—0O 


with the formation of ketone and alcohol. However, this decomposition does not 
explain the following facts. The disproportionation of primary and secondary RO; 
results in chemiluminescence, whose source is ketone (or aldehyde) in the triplet 
state. According to the law of spin conservation, ketone (aldehyde) can be formed 
during concerted decomposition only in the ground singlet state. RO; was found 
among the products of CH;PhCHOO: disproportionation, which does not either con- 
firm the concerted decomposition of tetraoxide. It is highly probable that the succes- 
sive fragmentation of tetraoxide occurs with the intracage transformations of the rad- 
icals 


RR'CHOOOOCHRR' ^ RR'CHOOO + OCHRR' 


eS 


RR'CO * O; * HOCHRR' RR'CHOOOH * OCRR' 


RR'CHOOOH —> RR'CHO + HO, —> RR'CO + H,O; 


RR'CHOH * O, 


This scheme explains both the formation of triplet ketone from RR'CHOOO: and 
H,O, from labile hydrotrioxide. According to the scheme, ketone and alcohol can be 
formed during disproportionation in a nonequivalent ratio, which is also observed in 
experiment. It cannot be ruled out that the concerted and nonconcerted decomposi- 
tions of tetraoxide occur in parallel. 
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7.5. Free radical addition 


7.5.1. Enthalpy and entropy of radical addition 


The radical addition reactions 
X + CH,=CHY —*— XCH,CHY 


involve the rupture of the C=C bond and the formation of a C—X o-bond. A 1-bond 
is normally stronger than a o-bond; hence, radical addition is an exothermic reaction. 
This can be clearly seen when comparing the reaction enthalpies AH and the 
strengths of the bonds being formed D(EtX) given in Table 1; the stronger the EtX 
bond, the larger the -AH value. Yet another important factor influencing the reaction 
enthalpy is the energy of stabilization of the radical XCH,C-HY formed: the higher 
this energy, the greater the heat of the addition of the X- radical to an alkene. 
Stabilization energy can be characterized as the difference between the strengths of 
the C—H bonds in Pr—H and EtYHC—H. Below we present the data characteriz- 
ing the contribution to the enthalpy of this reaction of the stabilization energy of the 
MeCH;CH-Y radical, resulting from the addition of a methyl radical to the monomer 
CH,=CHY. 


Y H C(OOMe CI CN Ph 
Doe Deryuc.w/kJ mot! 0.0 23.2 24.1 33.6 57.9 
-AH/ kJ mol! 95.8 102.0 104.3 129.7 1430 


It can be seen that the greater the energy of radical stabilization, the smaller the 
reaction enthalpy. 


All the addition reactions are accompanied by a decrease in entropy (two species 
are combined to give one species, see Table 7.1). Therefore, for addition reactions, 
AG « AH (AG is the Gibbs energy) and, when the temperature is sufficiently high, 
exothermic addition is reversible because AG = AH - ATS. 


Free radical addition can be considered to be reversible if the equilibrium con- 
centration of the X- radicals is commensurate with the concentration of the 
XCH;C-HY radicals formed, i.e.., if the [X-: [XCH;C-HY] ratio in the equilibrium 
state is not smaller than 0.05. When [CH;-CHY] = 10 mol/l and T= 300 K, this con- 
dition results in the inequality K 2 200 (K is the equilibrium constant). In turn, - 
RTinK = AG; therefore, AG = RTln 200 = 13 kJ mol. 


For addition reactions, S ~ 100; therefore, the enthalpy of irreversible addition of 
a free radical to an alkene should be smaller than 43 kJ mol! (at T = 300 K). 
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Table 7.1. Bond strength (kJ mol’), enthalpy (kJ mol’), entropy (J mol? K’, 
and Gibbs energy (kJ mol) for the addition of atoms and radicals 
to ethylene (T — 298 K) 


x AH, AS, AG(298 K) 
kJ mor! kJ mol! kJ mot! 

H 150 84 125 
CI 82 88 56 
CH; 100 122 64 
Me,C-H 92 134 52 
PhC-H; 63 122 27 
N-H, 81 109 49 
HO- 122 100 93 
CHO 82 118 46 
HO, 63 134 23 


The AH values for radical addition reactions listed in Table 7.1 comply with this 
condition. Naturally, as the temperature rises, the boundary value of AH increases in 
absolute magnitude. 


7.5.2. Empirical correlation equations 


Activation energy and heat of reaction. A linear correlation between the change 
in the activation energy (AE) of the monomer addition to a macroradical and the 
change in the heat of the reaction (Aq) of the type 


AE =- aAq (7.11) 


where ° is an empirical factor of proportionality, was found by Evans et al. Later, 
Semenov confirmed this correlation and extended it to a wider range of addition reac- 
tions. However, even for a narrow series of reactions, for example, for the addition 
of methyl radical to CH,=CHY, this correlation is nothing but a trend. Indeed, the 
correlation coefficient for the variation of Alogk as a function of Aq is 0.85 (k is the 
reaction rate constant). Evidently, apart from the heat of reaction, other factors also 
influence the activation energy. Q-e Scheme. The Alfrey and Price Q-e scheme takes 
account of two factors affecting activation energy, namely, the energy of stabilization 
of the radical formed in the reaction and the interaction between polar groups in the 
radical and the monomer. This scheme was based on the analysis of empirical rate 
constants for copolymerization. The rate constant for the reaction of a radical with a 
monomer is postulated to have the following form: 


kAB oF, PAQpexp(-eAep) (7.12) 
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where the factors P, and Q, reflect the reactivity and e, and e; are the charges of the 
radical and the monomer, respectively. The Q and e parameters are calculated from 
the corresponding rate constants for copolymerization. When developing the Q-e 
scheme, the researchers assumed that the charges on the molecule and on the radical 
are equal and constant (polarization in the transition state was not taken into account) 
and that the copolymerization rate constants do not depend on the dielectric constant 
of the medium. Subsequently, these assumptions have been criticized. The Q-e 
scheme made it possible to systematize the vast experimental information on radical 
copolymerization of various monomers. It permits rough prediction of the rate con- 
stants for copolymerization. The Q and e values for monomers in radical polymer- 
ization are listed in Table 7.2. 


The Bamford and Jenkins a—-B scheme. These researchers suggested that the 
reactivities of a radical and a monomer should be described by three parameters, 
namely, rate constant for the reaction of the macroradical (for example, R') with 
toluene (kr) 


R" + PhCH; > R"H + PhCH, 


the product of coefficient a with the Hammett constant o, which takes into account 
the polar effect, and the coefficient f, reflecting the difference between the radical 
reactivities towards the monomer and towards toluene. Thus the equation for the rate 
constant for the addition of R" to the monomer M! is represented as follows: 


Ink, ;=Inky + Q0, + Bi (7.13) 


the coefficients œ; and c, are calculated from the dependence of In(k,;/ky) on , and the rate 
constant ky is determined experimentally at T= 333 K. The values of a and B for a number of 
monomers are listed in Table 7.2. 


The Ito and Matsuda KP scheme. In terms of this scheme, the activation energy 
of an addition reaction is represented as the sum of two terms, E, and E;. The first 
term E, is proportional to the change in the Gibbs energy in the reversible addition 
of the thiyl radical XC,H;S- to the monomer, E, ~ log K, where K is the equilibrium 
constant of the reaction 


PhS: + CHj-CHY c2 PhSCH,C-HY 


The second term E, reflects the contribution of the polar interaction between the 
radical and the monomer to the activation energy. The contribution of the Gibbs ener- 
gy to the activation energy is determined by the coefficient present in the linear 
dependence on logK of the logarithm of the rate constant (kx) for the addition of the 
XC&4H,S: radical to the monomer CH)>=CHY 


logk = ayAlogK (7.14) 


The ay value depends on the nature of the substituent Y in the monomer, this 
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dependence being used to estimate the contribution of the polar effect to the activa- 
tion energy. This contribution is characterized by the increment P 


P = ay + (ty - Ostyrene) (7.15) 
The parameters K and P are listed in Table 9.2. 


All the above schemes include, in essence, different variants of empirical linear 
equations in which the rate constants for chain propagation in the free radical poly- 
merization are brought into correlation with thermodynamic (heat, Hammett constant 
(o), the change in the Gibbs energy in the equilibrium reaction) and kinetic (loga- 
rithms of the rate constants of the reference reaction and the reaction under study) 
characteristics of the addition reaction. 


Table 7.2. Correlation parameters for the reactivity of monomers towards radical 
polymerization in terms of the Alfrey Price (Q, e), Bamford - 
Jenkins (a, B), and Ito Matsuda (K, P) schemes 


Monomer Q e a p K P 
CH;-CHPh 1.00 -0.80 0.00 4.85 2.28 1.00 
CH2=CHSEt 0.27 -1.33 -0.50 4.21 1.30 2.78 


CH;-CHSO2Et 0.07 1.29 -4.0 4.62 -1.40 -0.26 
CH;-CHCO2Me 0.45 0.60 -3.0 5.20 0.00 0.58 
CH;-CHOCOMe 0.03 -0.88 0.0 3.00 -1.36 0.81 


CH;-CHCN 0.48 0.12 -3.0 5.30 0.89 -1.00 
CH,=CHOEt 0.02 -1.17 0.0 2.97 -0.59 1.63 
CH5-CMePh 0.98 -0.81 -1.0 4.72 1.30 1.69 
CH5;-CMeCO2Me 0.78 0.40 4.90 1.89 0.25 
CH;-CHCH-CH2 1.70 -0.50 0.0 5.03 - 1.00 
CH;-CMeCH-CH2 1.99 -0.55 0.0 4.92 - 1.09 
CH;-CCICH-CH2 10.52 1.20 -1.5 5.82 - 0.10 
CH=CPh 0.45 0.5 0.5 4.41 - 1.00 


7.5.3. Quantum-chemical calculations of the activation energy 


Quantum-chemical methods are widely used to study addition reactions. The 
results obtained, in particular, the activation energies, depend significantly on the 
program chosen for calculations. For example, Wong et al. calculated the activation 
energy of the methyl radical addition to ethylene using the QCISD(T) program pack- 
age. The results of calculations by this program are in good agreement with experi- 
mental data. 


When atoms C of alkyl radical approaches to atom C of double bond and a tran- 
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sition state is formed, the bond angles at the carbon atom attacked by an atom or rad- 
ical substantially change. The geometry of the transition state is characterized by the 
Z'3tance (C—C), the angle of attack q,(C—C—C) and the pyramidal angle Ppyr = 
~(H—-C—C). The last-mentioned parameter is the angle of deviation of the two 
C—H bonds of ethylene from the plane in which they have been located in the ini- 
tial molecule (the four hydrogens and both carbons of ethylene lie in one plane). 
Table 7.3 presents the values of the three above parameters and the activation ener- 
gies for the addition of methyl radicals and the C-H;OH and C-H;CN radicals to eth- 
ylene. 


Table 7.3. Interatomic distances and bond angles in the reaction center and the 
activation energies for the addition of the XC"H2 radicals to ethyl- 
ene (quantum-chemical calculations) 


X H OH CN 
r(C—C), Angstrem 2.246 2.226 2.173 
Qai 109.9? 108.2? 109.3? 

Qpyr. 25.0? 25.9? 28.0? 

E, kJ mol 1 39.8 35.0 42.3 


The energy profile of the addition reaction is calculated using specific quantum- 
chemical programs as a superposition of four different electron configurations of the 
reactants, namely 


DA[YCH,-(T) CH,=CHX(N)} D3A*[YCH,-() CH,=CHX(1)] 


D*ATYCH (+ CH)=CHX(T-)] D'A'[YCH;(-) CH;-CHX(14)] 


where D is the radical, A is the molecule, the arrows mark the orientation of the elec- 
trons involved in the reorganization, and (+) and (-) are the charges on the radical and 
on the molecule. The results (the activation energies) thus obtained are considered 
with allowance for the influence of two values, namely, the reaction enthalpy and the 
polar effect. 


7.5.4. Parabolic model of radical addition 


Within the framework of the parabolic model, radical addition 
X: + CH,=CHY — XCH,C:HY 


is represented as a result of intersection of two potential curves, each of them 
describing the potential energy of the stretching vibrations of atoms as a parabolic 
function of the amplitudes of vibrations of atoms in the outgoing (i) and incoming (f) 
bonds. In terms of the parabolic model, radical addition can be characterized by the 
following parameters: 
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1. Reaction enthalpy AH, 
AH,-D; - Dp + 0.5hL(v; - v) = AH + O.ShL(v; - và (7.16) 


where D; and D; are dissociation energies, h is the Planck constant, L is Avogadro's number, 
and i and f are the stretching vibration frequencies of bonds i and f, respectively. The second 
term is the difference between the zero-point energies of the reacting bonds. 


2. Activation energy E,, which includes the zero-point energy of the bond being 
attacked (0.5AhLv;) and depends on the experimentally determined activation 
energy E 


E,- E + 0.5(hLv; - RT) (7.17) 


3. Distance r., which is equal to the sum of the amplitudes of vibrations of the 
atoms of the reacting bonds in the transition state. 


4. Parameters b; and bg which are dynamic characteristics 2b? is the force con- 
stant) of the outgoing bond (b; = nv;(2p;)'®) and the incoming bond (5; xvj?) 
where i and f are the reduced masses of atoms forming the bonds. 


The above parameters are related to one another by the following expression: 
br, = a(E, - AH,) + E, (7.18) 


By using the parameter br., one can calculate other characteristics of a whole 
group of reactions with br, = const, for example, the activation energy of the ther- 
mally neutral reaction E., for AH, = 0 


E,g7 br(1 +a)" (7.19) 
and the position of the transition state 7" 
r=r(l+ay' (7.20) 


As a rule, each reaction within one group is characterized by the same pre-expo- 
nential factor A (determined in relation to one reaction center). This allows the acti- 
vation energy to be expressed in terms of the rate constant k using the Arrhenius 
equation 


E = RTin(A/k) (7.21) 


Since for any elementary reaction, E > 0, relation (13) holds when AH, > AH, mins 
whereas for AH, < AH, min, the activation energy is very small and amounts to 0.5RT. 
In accordance with the parabolic model, AH, min is related to br, and a by the expres- 
sion 


OAH min (bre) + 2br(0.5hLv;) ^ + 0.5hLv(od - 1) (7.22) 
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The physical, thermodynamic and kinetic parameters for 15 classes of reactions 
involving addition of atoms and radicals to carboncarbon and carbonoxygen multi- 
ple bonds are listed in Table 7.4. 


Table 7.4. Parameters of various classes of addition of atoms and radicals to 
multiple bonds used in the parabolic model 


Reaction a bx10",  O.5hLv, O.ShL(v-v) 4 x 10° 

(kJ/mor)'? m! kJ mo!’ kJ mol’! kJ mol! = 1 mol! s! 
H--*CH,-CHR 1440 5.389 99 -7.5 10 
H: + CH= CR 1.847 6.912 12.7 -4.7 40 
H: + O-CR!R? 1.600 5.99] 10.3 -11.4 10 
D-+CH,=CHR 1.461 5.389 9.9 -2.7 10 
CI +CH, =CHR 1.591 5.389 9.9 4.8 9 
Br-CH,-CHR 1.844 5.389 9.9 5.8 5 
R: + CH5-CHR 1.202 5.389 9.9 1.7 0.1 
R:- CH CR 1.542 6.912 12.7 3.8 0.1 
R: + O-CR!R? 1.570 5.991 10.3 3.7 0.05 
N-H, CH»=CHR 1410 5.389 9.9 3.1 0.008 

L RO: + CH=CHR1.413 5.389 99 33 
0.05 

RO, +CH,=CHR 1.737 5.389 9.9 4.6 0.1 
RSi + CHj7-CHR 2.012 5.389 9.9 4.1 0.1 
RSS + O=CR'R? 2.518 5.991 10.3 7.0 0.08 
PhS: + CH,-CHR 2282 5.389 9.9 6.3 0.07 


The parabolic model makes it possible to develop an empirical hierarchy of addi- 
tion reactions. All the known addition reactions are divided a priori into classes in 
accordance with the atomic structure of the reaction center in the transition state. 
Each class is characterized by a pair of force constants of the outgoing and incoming 
bonds or by the parameters b = b; and a = b//b; (see above). Subclasses are distin- 
guished in each class. Each subclass is characterized by r, = const or br, = const, 
which is confirmed by analysis of a large array of experimental results. Each subclass 
of reactions can be described additionally by the energy of the thermally neutral reac- 
tion Eeo (see Eq. (7.19) and by the threshold value AH, min, for which E = 0.5RT pro- 
vided that AH, < AH, min (see Eq. (7.22). The kinetic parameters for various sub- 
classes of addition reactions are listed in Table 7.5. It can be seen that each subclass 
is characterized by individual values of these parameters. For instance, E., varies 
from 31.4 kJ moll for the addition of PhS to 105.3 kJ moll for the addition of the 
phenyl radical to an alkene double bond. 
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Table 7.5 Kinetic parameters E.o, b(1 + a) -1, Te, (T "to and DH, min cal- 
culated from Eqs. (7.20) and (7.22) for addition reactions of various 


subclasses 
Y. n 210". ri, m — (rn) AH, min 
kJ is i mol m kJ mol! 
Y: + CH,=CHX — YCH,C-HX 
H- 101.6 2.21 4.56 0.41 211.9 
D- 99.6 2.19 4.56 0.41 204.9 
Ch 50.5 1.86 3.82 0.39 82.9 
Br: 31.2 1.69 3.30 0.35 37.9 
CH, 82.6 2.45 3.71 0.45 194.4 
CHs 105.3 2.45 4.19 0.45 252.0 
N-H, 61.0 2.24 3.49 0.41 226.0 
RO: 65.2 2.23 3.62 0.41 119.0 
RO; 90.5 1.97 4.83 0.36 150.4 
RSi: 76.6 1.78 4.92 0.33 117.5 
PhS- 31.4 1.64 3.42 0.30 34.7 
Y- + HC=CX 5 YCH=C-X 
H- 125.1 2.43 4.60 0.35 229.3 
CH; 97.7 2.72 3.63 0.39 184.7 
Y- + O=CR'R? >YOCR'R? 
H 102.9 2.30 4.41 0.38 149.7 
CH3 72.9 2.33 3.66 0.39 1122 
RSSi- 114.5 1.70 6.29 0.28 176.8 


7.5.5. Contribution of enthalpy of an addition to its activation 
energy 


The parabolic model postulates a non-linear relationship between the activation 
energy and the enthalpy of a reaction (see Eq. 7.18). The contribution of enthalpy to 
the activation energy AE}; can be estimated as the difference AE,,- E, - Ego. 


Transformation of Eq. (7.18) gives the following equation for AEy as a function 
of AH., and bre: 


(a? - DAEg = 2a(br, (a? - 1]^(br.)^AH, - 12 -1} AH, — (723) 


When the range of variation of DH, is narrow, this dependence is close to linear. 
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AE, S AH 4 — AH? (7.24) 
l+a Qr.) 

The E, values calculated from experimental bre parameters made it possible to 
evaluate correctly the contribution of the enthalpy of addition to its activation ener- 
gy. As an example, Table 7.6 presents the results of this comparison for two groups 
of addition reactions. 


Table 7.6. Contribution AZ, of the reaction enthalpy AH to the activation 


energy E. 
R Y -AH E, -AEgn 
kJ mor! kJ mol! kJ mol! 
Reaction: H: + CH,=CRY — CH4CRY 

H H 162.1 22.5 79.1 
H Me 165.3 21.0 80.6 
Me Me 173.3 18.0 83.6 
H Cl 179.5 19.8 81.8 
Ph 204.1 19.2 93.0 

Ph Ph 213.3 19.0 98.7 

Reaction: C-H; + CH;-CRY — CH;CH,C:RY 

H 98.5 39.0 43.6 

H Me 96.1 36.9 45.7 
Me Me 98.3 35.7 46.9 
H Cl 104.3 33.6 49.0 
H Ph 143.3 26.6 63.4 
Ph Ph 154.0 24.5 69.3 


It can be seen that these reactions are highly exothermic and the contribution of 
enthalpy to the activation energy is fairly high; it varies from 44 to 99 kJ mol ,, i.e.., 
amounts to 4096-5096 of AH. 


7.5.6. Force constants of reacting bonds 


The activation energy of a thermally neutral reaction is determined by two param- 
eters: the distance r, and the force constants of the reacting bonds a and b. In some 
classes of radical abstraction reactions, namely in those presented below, 

R: +R'X o RX +R’ 
H + RX > HX € R- 


only the force constants change on passing from one class to another; thus, only the 
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parameters and b determine the activation energy of a thermally neutral reaction. 
There are no such examples among addition reactions; therefore, it is expedient to 
compare different classes of reactions assuming (conditionally) that r, = const. The 
parameter r, for each reaction was taken to be 3.713-10"''-n, as for the addition of the 
methyl radical to CH;-CRY, while the parameters biand b, were varied in conform- 
ity with the structure of the reaction center. The calculations were carried out using 
Eq. (7.9). 


Reaction Eco (calculated), Eso (experimental), 
kJ mol’ kJ mor' 
H: + C=C 67.3 101.6 
H: + O=C 73.2 102.9 
H+C C 813 125.2 
CH; + C=C 82.6 82.6 
CH, + O=C 74.9 68.1 
CH, + C=C 64.0 97.7 


Comparison of the calculated and experimental E,, values shows a substantial 
influence of, on the one hand, the force constants (the range of variation of E,, is 64 
83 kJ mol!) and, on the other hand, the parameter r,. 


7.5.7. Triplet repulsion in addition reactions 


The activation energy of radical abstraction is influenced by the so-called triplet 
repulsion in the transition state. This influence is manifested in the fact that the 
stronger the X—R bond towards which the hydrogen atom moves in the thermally 
neutral reaction X- + RH, the higher the activation energy of this reaction. The triplet 
repulsion is due to the fact that three electrons cannot be accommodated in the bond- 
ing orbital of X—C; therefore, one electron occupies the non-bonding X—C orbital. 
Meanwhile, the stronger the X—C bond, the higher the energy of the non-bonding 
orbital and the higher the activation energy of abstraction. How do matters stand with 
radical addition? Comparison of Eeo and r, with the energy of dissociation of the 
resulting bond D, has shown that this influence certainly does exist. The parameters 
Eco and r, are juxtaposed with the dissociation energy of the bond formed D,(X—C) 
in Table 7.7. For reactions of one class, namely, X- + CH;-CHY, the linear correla- 
tion Eeo = const [D4X—O)l holds; const = 5.95-10*mol kJ’. The following corre- 
lation was found to be fulfilled for reactions of all the thirteen classes considered: 


r,7(0.98:10? /m mol kJ )xD(X—C) (7.25) 


This correlation should be regarded as an empirical proof of the fact that the non- 
bonding orbital of the bond being formed actually does participate in the generation 
of the activation energy of addition. The stronger this bond, the higher the energy of 
the non-bonding orbital and the higher the activation energy. Empirical correlation 
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(7.7) can be used to estimate roughly the activation energies of diverse addition reac- 
tions. 


Table 7.7. Parameters of various classes of radical addition (Ee0, re) and 
strengths of the bonds formed 


Ln B 
Reaction Eo  nx10'm D&(X—C), DEO 10 
kJ mol! kJ mol? m: kJ mol’ 
H- + CH;-CHR 101.6 4.563 439 1.04 
D: + CH,=CHR 99.6 4.557 439 1.04 
Cl: + CH,=CHR 50.5 3.427 357 0.96 
Br: + CHj-CHR 312 2.949 299 0.99 
N.H: + HC= CR 125.2 4.608 462 1.00 
H: + O-CRIR? 102.9 4.402 459 0.96 
C-H; + CH;-CHR 82.6 3.713 378 0.98 
MeC-H- CH;CHR 783 3.617 372 0.97 
Me,C:+CH,=CHR — 683 3.377 360 0.94 
CsHs +CH,=CHR — 1053 4.194 436 0.96 
N-H; + CH;-CHR 62.1 3.53 360 0.98 
RO: + CH;-CHR 652 3.617 359 1.01 
R: + O=CR'R? 68.1 3.540 365 0.97 


7.5.8. Influence of neighboring bonds on the activation energy 
of radical addition 


Radical abstraction reactions that involve molecules with x-bonds in the vicinity 
of the reaction center are characterized by higher E.o values than the corresponding 
reactions involving similar hydrocarbons without these bonds. This is due to triplet 
repulsion. Ín these reactions, the three electrons of the reaction center interact with 
the neighboring n-electrons; as a consequence, the energy of the non-bonding orbital 
in the transition state increases and, hence, the activation energy also increases. Do 
neighboring x bonds influence the E., values of radical addition? In order to answer 
this question, let us compare the 5, and Eeo parameters for the addition of hydrogen 
atom to the monomers CH;-CHY and monomers with double bonds in the a-posi- 
tion relative to the double bond being attacked. If the monomer contains an aromat- 
ic ring or a double bond in the a-position, the activation energy of a thermally neu- 
tral reaction increases; if there are two aromatic rings in the a-position, Eso increas- 
es to even a greater extent (Table 7.8). The difference between £,,(m) and 
E4(CH;-CHY) can be used to evaluate the contribution of this factor to the activa- 
tion barrier 


AE(x)-E, Kn) - EX(CH5-CHY) (7.26) 
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Triplet repulsion also manifests itself in the reactions in question; for example, in 
the reaction 


R: + CHj-CHCH-CH, — RCH;C-HCH-CH; 


a multicenter multielectron R...C...C...C...C bond arises in the transition state; 
this increases the strength of the bond, and, hence, enhances the triplet repulsion and 
its contribution to the activation energy. It can be seen from the data of Table 7.8 that 
this contribution can reach 20 kJ mol''. The increase in the dissociation energy 
D,(X—C) caused by this electron delocalization can be estimated using relation 7.16. 


Table 7.8. Influence of a n-bond adjacent to the reaction center on the activation 
energy of the radical addition to alkenes 


Reaction br. Eeo AE, ADA1) 
(kJ mor)? kJmol! = kJ mol! kJmol'! kJ mol! 
H- + CH,=CHR 24.59 101.6 0 0 
H: + CH,=CHPh 25.85 112.2 10.6 24.1 
H: + CH,=CPh, 26.47 117.7 16.1 36.0 
H: + 1,3-cyclo-C6Hg 26.47 117.7 16.1 36.0 
H: + CH;2CHCN 25.45 108.8 7.2 16.4 
C-H; + CH,=CHR 20.01 82.6 0 0 
C-H; + CH;-CHPh 20.522 89.4 68 155 
C-H, + CH,=CMePh 20.67 88.7 6.1 12.6 
C-H, + CH,=CPh, 21.33 94.4 11.8 25.2 
C-H; + CH,=CHCH=CH, 20.88 89.9 73 16.6 


C-H; + MeCH=CHCH=CHMe 21.15 92.2 9.6 21.8 
C-H; + CH;CMeCMe-CH, 21.03 91.2 8.6 19.5 


CH; + 1,3-cyclo-CgHg 2227 1023 197 432 
C-H; + 1,4-cyclo-CgHg 2223 1019 193 425 
N:H; + CH)=CHR 18282 — 610 0 0 
N-H, + (E}—CH,=CHCH=CH, 20.52 72.5 104 23.7 
RO- + CH,-CHR 1949 — 618 0 0 
RO: + CH,=CHPh 21.09 764 146 30.6 
RO; + CH>=CHR 2604 90.5 0 0 
RO»: + CH,-CHPh 27.23 990 85 228 


RO; + CH;-CPh; 2804 1050 145 383 
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RSi: + CH;-CHR 2646 . 76.6 0 0 
RSi: + CH;-CHPh 2852 890 124 27.9 
RSi: + O=CR'R? 37.62 114.5 0 0 
RSi- + O-CMePh 3974 1276 131 225 

RSi: + O=CPh, 4000 1293 148 25.5 


The same trend is observed for the addition of the benzyl radical to the monomers 
CH;-CRY. 


R Y — brJ(kVmol)'? E,JkJ mol! 
Me OMe 24.98 128.7 

H OEt 24.85 127.8 

H Ph 24.88 127.7 
Me Ph 24.93 128.2 


The average Eso value for these reactions is 128.0 kJ mol”, respectively; the 
value for the addition of methyl radical is 82.6 kJ mol’. The greater Eso value found 
in the case of the addition of benzyl radicals points to stronger triplet repulsion 
caused by electron delocalization. 


The substantial influence of the -bonds located near the reaction center on the 
activation energy can also be followed for the addition of methyl radicals to the C=O 
group in p-benzoquinone. This can be clearly seen when comparing the correspon- 
ding parameters for the addition of a methyl radical to acetone and to p-benzo- 
quinone. 


R'C(O)R? br/(kY/mol)'? E,Jk| mol!  10"r/m 
MeC(O)Me 21.95 68.1 3.54 
OC,H,O 23.15 81.1 3.86 


The observed difference in the parameters is due most likely to the electron delo- 
calization in the aromatic ring and, hence, to the increase in the triplet repulsion. The 
difference between the Eso values for the reactions considered amounts to 13 kJ mol” 
1 For the addition of polystyrene radical to p-benzoquinone, br, = 25.03 (kJ/mol)? 
and Eeo = 94.8 kJ mol". In this case, the Eco value is 26.7 kJ mol' greater than that 
for the reaction of the methyl radical with acetone. The very large AE(x) value can 
be accounted for by the interaction of the electrons of the two neighboring benzene 
rings with the reaction center. With allowance for the examples considered above, 
correlation (7.15) can be extended and written in the following form: 


re=(0.98 x 10? /m mol kJ’) x [DX—C)  AE(z)] (7.27) 
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7.5.9. Role of the radius of the atom bearing the free valence 


The greater the radius of the atom carrying the free valence, the higher the Eso for 
radical abstraction. Does the radius of the atom which attacks the double bond influ- 
ence the activation energy of addition reactions? This question was answered as a 
result of analysis of experimental data on the addition of triethylsilyl and phenylthiyl 
radicals to alkenes. 


Since the strength of the C—X (D,) bond being formed influences the parameter 
r, (see Eq. (7.25), the characteristic to be compared for the addition of various rad- 
icals to alkenes is the r/D, ratio (Table 7.9). The lengths r(C—X) of the bonds 
formed upon the addition of radicals such as CH; and RO: to the C=C bond and upon 
the addition of CH, to the C=O bond are close; therefore, the ratio rJ/D, = const. 
However, in the case of addition of PhS and R;Si to the C=C bond, the r,/D, ratio is 
much greater and a linear correlation is observed between r,/D, and r(C—X). The 
correlation has the following form: 


r,7(8.81 x 10* / mol kJ) - [((X—0C) - 0.4210 m](DJKkJ mol!) — (7.28) 


Thus, the radius of the atom carrying the free valence has a substantial influence 
on the activation barrier to the addition reaction: the greater the radius of this atom, 
the higher the activation energy. Apparently, this effect is due to repulsion in the tran- 
sition state, the repulsion being due to the interaction between the electron shells of 
the double bond being attacked and the atom which attacks this bond. 


Table 7.9. Strengths (DJ/KJ mol!) and lengths (r(C—X) or r(O—X)/m) of the 
bonds formed upon the addition of X- radicals to C=C or C=O dou- 


ble bonds 
X DJkj mol! 10° #C—X), or 10'r/m 10';JD, 
10? O—X)/ m /m mol kJ” 
Reaction: X- + CH-CHY — XCH,C-HY 
C"H3 378 1.52 3.71 0.98 
N"H2 360 1.47 3.53 0.98 
RO" 359 1.43 3.62 1.01 
RS" 284 1.79 3.41 1.20 
R3Si" 378 1.89 4.91 1.30 
Reaction: X- + O=CR'R? > XOC-R'R’ 
C"H3 365 1.43 3.54 0.97 


R3Si" 487 1.64 6.28 1.20 
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7.5.10. Interaction of two polar groups 


The polar effect involved in radical addition has been repeatedly discussed in the 
scientific literature. The parabolic model opens up new prospects for the correct esti- 
mation of the polar effect. It permits one to determine the contribution of this effect 
to the activation energy using experimental data. This contribution (AE,) is estimat- 
ed by choosing a reference reaction which involves the same reaction center but in 
which one or both reactants are nonpolar. The reference reaction is characterized by 
the parameter br, and the reaction with two polar reactants is characterized by the 
parameter (br,),,. The component of the activation energy caused by polar interaction 
(AE,) is calculated from the equation 


AE, = [bre - (bro) +a)? (7.29) 


Table 7.10 presents the results of calculation of AE, for the reactions of six polar 
radicals with a number of polar monomers. It can be seen that the polar interaction 
in the transition states for the addition can either decrease (AE y <0) or, in other cases, 
increase (AE, > 0) the activation energy. The AE, values vary from +19.5 to -23 kJ 
mol”, i.e.., they can be rather large. 


Table 7.10. Contribution of the polar effect (AE /kJ mol) to the activation 
energy of the addition of polar radicals to polar monomers 
CH;-CRY (calculated from the data of several studies) 


X,Y Radical 

Me,(HO)C: Me,(CN)C: MeyCOC(O)C-H, sec-RO,: tert-RO; HO; 
H, EtO -1.9 -4.9 13.2 - - - 
Me, MeO -6.5 -9.4 10.1 - - E 
H, AcO -15.1 -11.2 17.5 9.5 43 11.5 
Me, AcO -16.4 -4.3 19.5 - - : 
Me, Cl -82 -4.4 10.8 D = - 
CI, CI -10.2 -3.8 13.4 - - 7 
H, C(O)OMe -20.1 -1.4 13.1 -0.3 -2.0 - 
Me, C(O)OMe - -3.4 - -5.2 -6.4 -4.7 
H, CN -23.2 -0.9 13.8 -9.0 -10.8 -7.9 


7.5.11. Multidipole interaction in addition reactions 


The multidipole interaction in a bimolecular reaction arises if one or both reac- 
tants contain several polar groups. The multidipole effect shows itself as a deviation 
of the rate constant for the addition of a polar radical to a polyfunctional compound 
(calculated in relation to one reaction center) from the rate constant for the addition 
to a monofunctional compound. The multidipole effect was discovered for radical 
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abstraction of a hydrogen atom from polyfunctional esters induced by peroxy] radi- 
cals. Later, this effect has also been found in the addition of peroxyl radicals to the 
double bonds of polyatomic unsaturated esters. Table 7.11 summarizes the results of 
calculations of the contribution of the multidipole effect to the activation energy per- 
formed using relation (7.19). A monofunctional ester of the corresponding structure 
served as the reference compound. It can be seen that the role of the multidipole 
interaction in these reactions is fairly low: the contribution of the interaction of sev- 
eral polar groups AAEu varies from 0.8 to 2.3 kJ mol. 


Table 7.11. Multidipole effect in the addition of cumylperoxyl radicals to unsat- 
urated polyatomic esters (n is the number of reacting double bonds 
in the ester molecule) 


Ester k (323 K) , | mol! s! k/n, 1 mol! s! AAEw ,kJ mol’ 

CH;-CHCOOMe 0.50 0.50 0 
(CH;-CHCOOCH5),CMe, 0.76 0.38 0.8 
(CH;7CHCOOCH;,CHOCOCH-CH, 1.05 0.35 1.0 
(CH;-CHCOOCH;),C 1.28 0.32 1.2 
CH;-CMeCOOMe 1.79 1.79 0 
(CH;-CMeCOOCH;;CHOCOMeC-CH, 3.93 1.31 0.9 
(CH;-CMeCOOCH;),C 3.08 0.77 2.3 


The multidipole effect is also manifested in the addition of chlorine atoms to 
chloroalkenes. The scope of influence of this factor on the activation energy of these 
reactions can be judged from the data given in Table 7.12. The interaction of a polar 
reaction center with one polar C—C] group increases the activation energy by 17 kJ 
mol’, whereas the interaction with several polar C—Cl groups, conversely, results in 
a lower activation energy. 


Table 7.12. Parameters br, AEu, and AAEy for the addition of chloride atom to 


chloroalkenes 
Alkene brd AEWw -AAEp 
(kJ mol’? kJ mot! kJ mo!’ 
CH,=CHC!I 21.23 17.0 0.0 
cis-CHCI-CHCI 20.43 11.4 5.6 
CH;-CCL 19.64 6.6 10.4 
CCD-CHCI 20.50 11.8 52 


CCh-CCL 19.46 5.6 11.4 
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7.5.12. Steric hindrance 


The addition of trialkylsilyl radicals to 1,2-disubstituted ethylene derivatives is 
subject to a steric effect. This shows itself in the E, value for the Et;Si- addition to 
RCH-CHR being greater than that for the addition of the same radical to CH)>=CHR. 
The contribution of steric repulsion to the activation energy can be characterized by 
the increment AE, 


Alkene brJ(kVmol)? ^ E,JkVmol! — AEg kJ mol! 
CH;-CHR 26.46 76.6 0.0 
RCH-CHR 27.54 83.0 64 


No effect of this type is manifested for the addition of alkyl radicals to the same 
alkenes. Evidently, the steric effect involved in the addition of trialkylsilyl radicals 
to 1,2-disubstituted ethylene derivatives is due to the repulsion between the carbon 
and silicon atoms, caused by the large size of the silicon atom, in the reaction center 
of the transition state. 


The addition of tris(tert-butyl)phenoxyl radical to styrene can serve as an exam- 
ple of reaction subject to the steric effect. This reaction is characterized by 
br./(kJ/mol)"? = 23.89, whereas the addition of the tert-butoxyl radical to styrene (a 
reaction with a similar structure of the reaction center) has the parameter 
br./(kYV/mol)" ? — 21.09. The difference between these values is matched by the dif- 
ference between the activation energies of the corresponding thermally neutral reac- 
tions, Eso = 21.6 kJ mol '; this can be regarded as a rough estimate of the energy of 
additional repulsion in the transition state of the reacting system. This repulsion in 
the transition state is brought about by two tert-butyl groups of the phenoxyl radical. 


7.6. Radical abstraction reactions 


A simplified model of an elementary bimolecular reaction, the intersecting 
parabolas model (the parabolic model), was used in the analysis of the activation 
energies for a wide variety of radical abstraction reactions. This model can be regard- 
ed as a further development of the empirical approach initiated in the studies of 
Polanyi and Semenov. As a result, it became possible to separate diverse radical 
abstraction reactions into classes and to differentiate in each class groups of isotypi- 
cal reactions. Each reaction is described by two parameters referring to the entire 
given class of reactions: one parameter, characteristic of the group of reactions, and 
one individual parameter, namely the enthalpy of reaction, characteristic of the given 
reaction. The creation of a hierarchical system of reactions made it possible to iden- 
tify at an empirical level the physical characteristics of the reactants determining the 
height of the activation barrier. 
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7.6.1. Intersecting parabolas model 


In the parabolic model, the radical abstraction reaction 
RH + X: > R: + HX 


in which a hydrogen atom is transferred from the initial (RH) to the final (XH) mol- 
ecule, is regarded as the result of the intersection of two potential curves, one of 
which describes the potential energy Ur) of the vibration of the H atom along the 
bond being dissociated in the initial molecule and the other describes the potential 
energy U,r) of the vibration of the same atom along the bond being formed in the 
reaction product (U is the potential energy and r the amplitude of the atomic vibra- 
tions along the valence bond). The stretching vibrations of the H atom in RH and XH 
are regarded as harmonic and are described by the parabolic law 


U(r)?- br (7.30) 
The following parameters are used to characterize the elementary step in the para- 
bolic model. 
1. The enthalpy of reaction He which includes the difference between the zero- 
point energies of the broken and generated bonds: 
AH.=D; B D, k 0.5AL(v, - vp (7.3 1) 


where D; and Dy are the dissociation energies of the cleaved (i) and generated (f) bonds, v; and 
vr are the stretching vibration frequencies of these bonds, A is the Planck constant, and L is 
Avogadro’s number. The activation energy E,, which is linked to the experimentally deter- 
mined Arrhenius energy E by the relation 


E, =E + 0.5(ALv; - RT) (7.32) 


2. The coefficients b; and by, which describe the dependence of the potential 
energy on the atomic vibration amplitude along the initial (i) and final (f) valence 
bonds. There is a parabolic relation between the potential energy and the vibration 
amplitude. 


3. 
-p22 = 72 
U,= b/r' and Up= bf (r, - r) (7.33) 
The quantity 2b’ is the force constant of the corresponding bond with b = 
nv(2yu)" ? where pis the reduced mass of the atoms forming the bond. 


4. The distance r, which characterizes the displacement of the abstracted atom in 
the elementary step. 


In the parabolic model, these parameters are linked by the relation 
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bre = o(E, - AH) + E” (7.34) 


where b = bi, i.e.. refers to the attacked bonds in the molecule, while the coefficient a = byb; 
represents the ratio of the force constants of the ruptured and generated bonds raised to the 
power 1/2. In the case of structurally isotypical reactions (br, = const), a thermally neutral 
reaction (AH, = 0) proceeds with an activation energy Eeo, which is determined by two param- 
eters, namely and br,: 


Eso =(bre) (1 + a) = [bibie Mb, + bg (7.35) 


On substituting the parameter bre in Eq. (7.35) by its value from Eq. (7.34), we 
obtain 


(1 +0) EI? = (E, - AH,)'? + p, ? (7.36) 


Comparison of Eqs. (7.34) and (7.35) makes it possible to understand the kinetic sig- 
nificance of the parameter bre: it is directly proportional to the activation energy for 
a thermally neutral reaction raised to the power 1/2. The transition state in the para- 
bolic model is characterized by the distance 7^, which is linked to the other parame- 
ters by the relation 


r*Ir.—E, P fbr. = [1 + a(l - AHJE)]" (7.37) 


In the case of a thermally neutral reaction with a = 1, i.e.., when the force con- 
stants of the attacked and generated bonds are equal, r“ is equal to half the distance 
re. In the general case, 


(rs 0 ay! (7.38) 


The parabolic model is in essence empirical, since the parameter b is calculated 
from spectroscopic (v; and vj) and atomic (u; and up) data, while the parameter bre 
(or Eco) is found from the experimental activation energies E (Eqs. (7.34) and (7.35) 
or via the rate constant k by the Arrhenius equation 


E - RTn(A/E)! (7.39) 


where A is the pre-exponential factor typical of such reactions. The enthalpy of such 
reaction is calculated by Eq. (7.31) from the experimental bond dissociation energies. 
The calculations showed that br, = const for structurally similar reactions. 


7.6.2. Classification of radical abstraction reactions 


The bond dissociation energy is an individual characteristic of the molecule 
entering into the reaction or formed. The force constants for the stretching vibration 
of bonds (2n°v"p) of each type (C—H, O—H, etc.) are virtually identical for the 
entire class of isotypical compounds. This important factor makes it possible to clas- 
sify radical abstraction reactions in terms of the type of reacting bonds and the coef- 
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ficients b characterizing them. A pair of coefficients, b; and bẹ or b = b; and the coef- 
ficient corresponds to each class of such reactions. In the calculation of the activa- 
tion energy E, from E and conversely, the zero-point vibration energy of the ruptured 
bond also becomes important (see Eq. (7.32)). The quantities a, B, and 0.5ALv; for 
the radical abstraction reactions of compounds in different classes are listed in Table 
7.13. 


Table 7.13. Kinetic parameters of radical abstraction reactions of different class- 
es. Here and henceforth AmH is amine, AmOH is hydroxylamine, 
Anr is aminyl radical, and AmO: is nitroxyl radical. 


Reaction a b10" 0.5hLv; QO.hL(v;-v) Fr) 
(kJ mor!) kJmol! kimo 
H +H, 1.00 4.133 26.3 0.0 0.500 
H: + HCI 0.953 3.937 17.9 -8.4 0.488 
H- + HBr 0.851 3.516 15.2 -H.1 0.460 
H - HI 0.743 3.072 13.8 -12.5 0.426 
H: + RH 0.906 3.743 17.4 -8.9 0.475 
H: + NH, 1.042 4.306 20.0 -6.3 0.510 
H- + HOCH; 1.137 4.701 21.7 -4.6 0.532 
H: + HSiR3 0.668 2.756 12.6 -13.6 0.400 
H- + H5S 0.831 3.434 15.6 -10.7 0.454 
HO- + CH, 0.790 3.743 17.4 -4.4 0.441 
HO: + NH, 0.908 4.306 20.0 -1.8 0.472 
HO: +HOCH, 0.992 4.701 21.7 -0.1 0.498 
HO: + SiH, 0.591 2.861 13.1 -8.7 0.372 
HO: + HS, 0.724 3.434 15.6 -6.2 0.420 
R +RH 1.00 3.743 17.4 0.0 0.500 
R + H)NR’ 1.207 4.517 20.9 3.5 0.547 
R: + HSiR’; 0.723 2.756 12.6 -4.8 0.420 
R: + HSR’ 0.808 3.026 13.8 -3.6 0.447 
RO: + RH 0.796 3.743 17.4 43 0.443 
RO-+HSiR’; 0.581 2.756 12.6 -9.1 0.3668 
RO-, + RH 0.814 3.743 17.4 38 0.449 
RO; +HOOR 1.00 4.600 212 0.0 0.500 
RO,;+HOAr 1.00 4.665 21.5 0.3 0.500 
RO; +HOAm 1.00 4.665 21.5 0.3 0.500 


Knowing these parameters, it is easy to find the analogous characteristics of the 
reverse reactions. For a reverse reaction, to which the index f corresponds, we have 
a7 ac, bp = b/a, and 0.5hLv, = 0.5hLv//a.. 


The class of radical abstraction reactions may include a single reaction (for exam- 
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ple, H + HCl), one group of reactions (for example, R- + NH;, where R: is any alkyl 
radical), or several such groups (for example, the class of reactions RO- + R'H, 
where R'H is a hydrocarbon, consists of three groups of reactions: RO: + HRÈ, RO: 
+ HR?, and RO: + HR, where R! H, R?H, and R^ H are any aliphatic, unsaturated, and 
aromatic alkyl-substituted hydrocarbons respectively. All the reactions belonging to 
one group are characterized by a single parameter r, or bre. The quantities bre cal- 
culated on the basis of parabolic model for reactions RO- + HR! involving aliphatic 
hydrocarbons having different structures are very close; the average values of br, for 
reaction RO- + HR! is equal 15.30 + 0.59 (kJ/mol)! . The quantity A calculated per 
reacting C—H bond is 10° 1 mol s`" for the liquid phase and 2-105 1 mo! s'! for the 
gas phase. Knowing the parameter br,, it is possible to calculate an important char- 
acteristic of the reactivity of each group of reactions such as the activation energy for 
a thermally neutral reaction Eso (Eq. (7.35) ). The energies Eso may differ signifi- 
cantly for reactions of different classes. Thus, the following values were obtained (kJ 
mol) for reactions involving aliphatic hydrocarbons R!H: 


Reaction: H:-+R'H R-+R'H RO»; +R'H RO, + ArOH 
E. 64.8 68.2 58.1 45.3 


The classification of radical reactions carried out in this way makes it possible to 
observe empirically (on the basis of the parameter br.) structural differences between 
reactants within one class, to compare the classes and groups of reactions in terms of 
reactivity (in terms of the parameter br, or Eso), and to identify the physical and 
structural factors determining the reactivities of groups of reactants. 


The activation energy for any individual reaction within the limits of the given 
group of reactions may be calculated correctly from the parameter bre. Within the 
framework of the parabolic model, the quantity E, was calculated by the following 
formula 


(1) for a = 1, 
E,!?= 0.5br, + AHJbr,, (7.40) 
(2) fora #1 
E? = bre (1 - oy! (1 - afl - (1 - Obr) AH, J} (7.41) 


(3) for AH,(1 - o) << (brey? 
E” br. (1 + ay! + aAHJbr, (7.42) 


7.6.3. Dissociation energies and force constants of the attacked and 
generated bonds 


A clear-cut dependence of the activation energy on the heat (enthalpy) of reac- 
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tion, which is equal in its turn to the difference between the dissociation energies of 
the ruptured (D) and formed (D, ) bonds, was established for radical abstraction 
reactions. In parabolic model the values of D,; and D,; , incorporating the zero-point 
energy of the bond vibrations, are examined. The enthalpy of reaction AZ, therefore 
also includes the difference between these energies (see Eq.7 31). 


As noted above, all radical abstraction reactions can be divided into groups and 
the activation energy Eeo for a thermally neutral reaction can be calculated in each 
group. The possibility of calculating the activation energy for any reaction of the 
given series (group) from the value of Ee, (or br.) and of estimating the contribution 
of the enthalpy to the activation energy follows from this important factor. This con- 
tribution (AEg) represents the difference between the activation energies for the 
given (ith) reaction and a thermally neutral reaction characterized by the quantity Eso 


AEy = Ei - Ena (7.43) 


As an example, Table 7.14 presents the values of AEy for the reactions of perox- 
yl radicals with antioxidants of different classes. It follows from the table that the 
ratio AE,/AH for these groups of reactions is close to 1/2. 


Table 7.14. Contributions of the enthalpy AE} to the activation energy £ for the 
reactions of a secondary peroxyl radical with various inhibitors YH 
(AH, E, and AEj in kJ mol") 


YH AH, E, AEy, 
kJ mot! kJ mor! kJ mor 
CsH;OH 1.5 25.9 0.7 
4-CH;CsH,OH F1 21.4 -3.8 
4-CH3;0C,H,OH -16.5 17.3 -7.9 
4-CeH,CH;C4H40H -18.0 16.6 -8.6 
4-CH,;COC,H,OH 4.0 27.2 2.0 
2,3-(CH3),C,H,;0H -12.0 19.4 -5.8 
1-HOC 9H, -24.1 13.9 -11.3 
2,6-[(CH3);C]>-CsH;OH -18.8 22.8 -8.9 
2,6-{(CH3)3C]o-4-CH3;C,H,OH -26.5 19.3 -12.4 
2,6-[(CH3);C]>-4-CH;OCsH,OH -34.8 15.8 -15.9 
2,9-[(CH3,Ch-4-C4H,CH,C4H;0H -27.8 18.8 -12.9 
2,0-(CH3C]-4-CeH,SC4H;OH -19.1 22.6 -9.1 
Si[2,6-[(CH4);C]-4-CH;5CH;0OC4H;0H], -24.6 20.2 -11.5 
(CgH5;NH -0.8 12.0 -1.5 
(4-CH3;C,H,),NH -14.9 5.7 -7.8 
(4-CH4OC4H4 NH -24.3 1.8 -11.7 
4-CH3OC;H4NHC4H5 -18.3 4.2 -9.3 


1-CiH;NHCgH; -13.6 62 -7.3 
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4-CsH;NHCH,NHC AH, -18.6 41 -9.4 
[(CH3C5 C-NOH -27.0 27.1 -12.7 
C,H,CH=CHC(O)N(OH)C(CH;);—--44.1 19.8 -20.0 
C(CH;),CH,CHOHCH,C(CH;),N(OH) -63.3 12.4 274 
CdHSH 3741 11.9 -15.0 

4-CH4CgH4SH -30.7 13.7 -13.2 


In terms of the parabolic model, it is possible to obtain simple and physically 
clear equations for the estimation of AE, as a function of a, bre and AH,. The fol- 
lowing simple expressions follow from the combination of Eqs. (7.40-7.43): 


(D fora-1 
AEy = 0.5AH, + 0.25(br.)? AH? (7.44) 
for a #1 
(1 - @)AEy = 2(br,)” - a?AH, - 2o(br.Y 1 - o2(br.y AH] (1.45) 
for AHI - o) << (br, 
AE = (1 + oy AH, + 025o(br,. AHZ (7.46) 


It is seen from Eqs. (7.44) and (7.46) that, for low values of the enthalpy of reac- 
tion, D Ey is directly proportional to AH, which agrees with the Polanyi-Semenov 
equation. The slope of the linear plot of AE; as a function of AH, depends on , i.e.. 
on the force constants of the bonds. The ratio AFy/AH, = a(1 + o)! at low AH, and 
may serve as a parameter of the sensitivity of activation energy to AH, for low val- 
ues of the latter. For reactions of different classes, the coefficient varies in the range 
from 0.6 to 1.7 and the coefficient (1 + a)! therefore varies from 0.38 to 0.63. 


The activation energy increases with increase in AH, and diminishes with 
increase in |AH,| for AH, « 0. On the other hand, according to the law of conserva- 
tion of energy, E > 0 for exothermic reactions and E > AH, for endothermic reactions. 
It follows from the law of conservation of energy and Eqs. (7.40) (7.42) that the 
parameter br, for one group of reactions is constant, while AH, varies in the range 
AH, min < AH, < AH, max- For highly endothermic reactions with AH, > AH, max the 
activation energy is E = AH + 0.5RT, whilst for exothermic reactions with AH, < AH, 
min it is 0.5RT. The limiting values of enthalpies of reaction AH, max and AH, max are 
related to the parameters br, and in the following way: 


AH, max = (bre) - 2abr(0.5hLvg!? + 0,5(a2 - DALv; (7.41) 
AH, min = (bray + 2a? br (0.5hLv;) ^  0.5(1 - ALY; (7.48) 
As can be seen from Eqs. (7.47) and (7.48), the range of variation of AH, in which 
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br, = const is wider the greater the parameter br,. For the reactions of alkyl radicals 
with aliphatic hydrocarbons (a = 1, br, = 17.23 (kJ/mol)'^), we have AH, max = AH, 
min = 153.1 kJ mol”, ie.. the range of enthalpies AH, where br, = const is 306 kJ 
mol . 


Yet another important characteristic of radical abstraction reactions is the force 
constants of the ruptured and generated bonds. The dependence of the activation 
energy for reactions of the type R: + R'X > RX+ Ri, where X = H, Cl, Br, or I, on 
the coefficients b; and b; was demonstrated experimentally. It was found that param- 
eter r, = const in these reactions, whilst the square root of activation energy for a 
thermally neutral reaction is directly proportional to the force constant of the rup- 
tured bond. The smaller is the force constant of the C—X bond, the lower Ee and 
that the relation Exo!” to b(1 + a)! is linear. The same result was obtained also for 
reactions of the hydrogen atoms with RCI, RBr, and RI. This results confirm the 
important role of the force constant of the reacting bonds in the formation of the acti- 
vation barrier. The activation energies for the R- + RX reactions can be easily esti- 
mated from the empirical formula 


(E, kJ mol!)2—4.80-10!! b(1-- a)” (7.49) 


7.6.4. The triplet repulsion in the transition state 


The hydrogen atom migrates from Y to X in the X- + HY reaction. The transition 
state of this reaction can be regarded conventionally as a labile formation containing 
the X...H...Y pseudobond. The characteristics of this bond may influence the activa- 
tion energy. This influence can be observed with the aid of the parabolic model, since 
it makes possible to convert the activation energy for an individual reaction into the 
activation energy for a thermally neutral reaction (see Eq. (7.45) and also to take into 
account the influence of the force constants of the X—H and Y—H bonds on Eeo- 
When the hydrogen abstraction reactions are compared in relation to different class- 
es of compounds, it is useful to employ the parameter re, in which the influence of 
AH., bj, and b, on the activation energy for the reaction has already been taken into 
account. 


In the X...H...Y transition state, the X... Y pseudobond is formed by three elec- 
trons. According to the Pauli principle, one molecular orbital may be occupied by 
only two electrons with opposite spins. Two molecular orbitals therefore participate 
in the transition state: the bonding orbital of the X—Y bond, in which two electrons 
are accommodated, and its nonbonding orbital containing the third electron. The 
energy of the nonbonding orbital Dy is higher the stronger the X—Y bond; its value 
is described by the Sato formula 


Dy = D, {exp(-brD,!) + 0.5exp QbrD, y (7.50) 
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where D, and Dy are the energies of the bonding and nonbonding X—Y orbitals 
respectively, 2b” is the force constant, and r is the amplitude of the vibration of this 
bond. In the given case, r = ryy. + ryy - rxy + re The involvement of the nonbond- 
ing orbital of the X—Y bond in the formation of the activation barrier has come to 
be referred to as triplet repulsion. This effect constitutes the basis of three semiem- 
pirical methods for the calculation of the activation energies for radical substitution 
reactions: the “bond energy bond order" (BEBO) method, the “bond energy bond 
length" (BEBL) method, and the Zavitsas method. In all these methods, the activa- 
tion energy corresponds to the maxima on the “potential energy bond order” 
(BEBO) curves or the "potential energy bond length" (BEBL, Zavitsas method) 
curves while the potential energy curve represents a superposition of two Morse 
curves corresponding to the Y—H and X—H reacting bonds and the curve for the 
non bonding orbital of the X—Y bond (Eq. (7.50). 


The role of triplet repulsion in radical abstraction can be clearly traced on com- 
paring reactions in which the energies of the X—Y bonds differ significantly. The 
values of E,, and re for a series of radical abstraction reactions found by the parabolic 
method as well as the energies D, of the X—Y bond are presented below. 


X..H..Y Ej, kJ mol! r,x 105, m. D, kJ mol 


R..H..R 68.2 4.414 382 
R...H...N« 60.2 3.862 361 
ArO...H...OAm 41.8 2.772 ~0 
RO,...H...OjR 43.1 2.854 88 
RO,...H...OAr 45.3 2.885 ~0 
RO,...H...OAm 45.6 2.895 -0 


The difference between the reactions with a high energy of the X—Y (C—C and 
C—N) bond, for which E,,~60 + 70 kJ mol’, and the reactions with a very low ener- 
gy of this bond (O—O), for which Ee0 ~ 40 + 45 kJ mol’ can be clearly traced. 
Within the limits of the error of the measurement, the parameter re for the last four 
reactions is constant: r, = (2.85 + 0.05)-10"''m. This value is characteristic of reac- 
tions with zero triplet repulsion in the transition state. On substituting this quantity 
in Eq. (7.35), we obtain the following equation for the estimation of the contribution 
of triplet repulsion D Ej to the activation energy E,,: 


DE; = (bibe Y. (b; + bp) (r,? - 2.85210?) (7.51) 


For reactions of the R- + RH class, this contribution is 40.0 kJ mol !, Le..,a con- 
siderable proportion of the activation energy Eso = 68 kJ mol' is due precisely to the 
triplet repulsion in the transition state. 
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7.6.5. The electron affinity of atoms of reaction center. 


Another important characteristic of the X—Y bond is its polarity induced by the 
different electron affinities of the atoms or radicals X and Y. The greater the differ- 
ence, the greater the polarity of the bond, its strength and its dipole moment. 
According to Pauling, the polarity of the X—Y bond may be characterized by the 
extent to which its strength differs from half the sum of the bond dissociation ener- 
gies of the XX and YY molecules by virtue of the different electronegativities of the 
atoms X and Y 


AEA(XY) = Dxy - 0.5(Dxx + Dyy) (7.52) 


The question arises whether the polarity of the X—Y bond affects the X- + YH 
abstraction reactions. We shall compare two reactions: H: + H, and Ci + Hp. 


Reaction Eco» KJ mol! r,'10!!, m Dyy, kJ mo!’ 
H +H, 58.2 3.69 436.0 
Cl. + H, 36.7 3.04 431.6 


Evidently the dissociation energies of the H—H and CI—H bonds are very close 
and the triplet repulsion in the transition states of these reactions is therefore almost 
identical. Nevertheless, the quantities Eso and r, in these two reactions differ very 
considerably. The reason for this is that the H—H bond is nonpolar, while the CI—H 
bond is polarized and AE, = 92.3 kJ mol’ (Eq. (7.52) for the latter. As in the HCI 
molecule, in the transition state there is evidently a strong attraction between Cl and 
H, which in fact induces a decrease in r, and Eso. If the Cl: + H, reaction was char- 
acterized by the same parameter r, — 3.69-10!! m as the H: + H reaction, the activa- 
tion energy E,,- 56.5 kJ mol would have been obtained for it. The difference 
between the observed and expected activation energies (AEg, = 36.7 56.5 = 19.8 kJ 
mol!) must be attributed to the influence of the unequal electronegativities of the 
hydrogen and chlorine atoms on E,, in the Cl- + H, reaction. 


The R: + RH and RO: + RH reactions may serve as another example. 


Reaction ^ Exg, kJ mol’ — r;10",m  Dyxy, kJ mol! 
R- +RH 68.2 4.414 376 
RO: + RH 54.8 3.553 361 


In this case, the similarity of the R—R and RO—R bond dissociation energies 
also leads to the similarity of the triplet repulsion energies in the R...H...R and 
RO...H...R transition states. However, in these reactions too the quantities E, and r, 
differ appreciably. The polarity of the O—C bond in the RO- + HR reaction is man- 
ifested here. On substituting the dissociation energies D(CH;—CH3;), D(CH;—OO 
CH), and D(CH,—OCHS) in Eq. (7.52), we obtain AE, = 80 kJ moll. Calculation 
of the contribution of the electronegativities of the O and C atoms to the activation 
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energy for the RO- + RH reaction yields AEg, = 26.1 kJ mol’, which should be 
regarded as very considerable bearing in mind that E.o = 54.8 kJ mol’. 


7.6.6. The radii of atoms of reaction center 


When the fragments X and Y approach one another in the X...H...Y transition 
state, their outer electron shells begin to repel one another. It is to be expected that 
the repulsion will be stronger, the larger the radii of the atoms X and Y. The exam- 
ples presented below confirm this conclusion. We shall compare the R- + RH, R: + 
HSiR;, and R5Si- +HSiR; reactions. 

Reaction r, 10!!, m rx_y'10", m  Dyy,kJ mot! AEA, kJ mol! 


R: * RH 4.414 15.13 376 0.0 
R: + HSiR’; 4.782 18.70 376 11.0 
RSSi + HSiR’; 4.967 23.59 354 0.0 


An evident parallel variation of the increment in r, and in the bond length ryy is 
observed. On the other hand, the strengths of the X—Y bonds in this series are sim- 
ilar, so that the increase in r, is not caused by a change in the triplet repulsion. The 
electronegativities of the C and Si atoms are also similar and in the first and third 
reactions AEA ~ 0. 


The empirical dependence of the parameter r, (in m) on Dxy, AEA, and ryy in the 
interaction of radicals carrying a free valence on the C and O atoms with the C—H, 
O—H, Si—1H, and S—H bonds has the following form: 


re-10", m = 13.7(Dxy/Dyy) - 22.4(AEA/Dyy)  9-Arxyí/rgi) - 12.4. (7.53) 


These formulas make it possible to estimate the contribution of each factor, 
namely, triplet repulsion AEr, electronegativity, AEgA, and repulsion of the electron 
shells of the X and Y atoms AZ; in the transition state, to the activation barrier Eso 
for each class of radical abstraction reactions. Since Eso = br, (1 + a)", it follows 
that, by employing the corresponding increments from Eqs. (7.51) and (7.53), it is 
possible to calculate the contribution of a particular factor. Table 7.15 presents the 
results of such calculation for 21 classes of radical abstraction reactions. 


It is seen from the data presented in Table 7.15 that the triplet repulsion AET 
makes an additional contribution to the activation energy Eso. The difference between 
the electronegativities of the fragments X and Y lowers the activation energy. 


When the discrepancy between the electron affinities is large, this decrease may 
be very considerable. For example, AEgA = 45 kJ mol!" for the HO + SiH, reaction 
and AEga, = 43 kJ mol’ in the reaction of hydrogen atom with water. 
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Table 7.15. The contributions of triplet repulsion (AE), the electron affinity of 
the fragments X and Y (AEg,), and the repulsion of the atoms form- 
ing the X—Y bond (AEg) to the activation energy Eeo for the X- + 


HY reaction. 
Reaction b(1-ay-10" — r10", ^ AE, AEga; AEg, 
(kJ/mol)!? m kJ mol"! kJ mor' kJ mor! 
R- + HR 1.87 441 41 0 25 
R: + H9NR 2.05 3.84 45 -8 32 
R: + HOOR 2.06 3.80 37 -7 29 
R: + HOAr 2.08 3.80 35 -19 26 
R: + HSiR’; 1.60 4.78 30 -3 27 
R: +HSR 2.13 4.09 44 0 46 
HO: + HR 2.09 3.67 53 -22 30 
HO: + SiH, 1.79 3.30 55 -45 28 
RO- + HR 2.08 3.55 49 -20 30 
RO: + HSiR’; 1.74 3.68 45 -34 26 
RO, + HR 2.06 3.80 37 -7 29 
RO, + HOOR 2.30 2.85 15 -0 28 
RO, + HOAr 2.33 2.88 0 0 45 
AmO: + HR 2.08 3.66 28 -23 26 
AmO: +HOAr 2.33 2.77 0 0 42 
RSi: +HSiR’; 1.38 4.97 18 0 27 
H: + HR 1.96 3.76 53 -8 10 
H: + NH; 2.11 3.45 63 -21 9 
H: + H,O 2.20 3.91 76 -43 8 
H: + SiH, 1.69 4.09 34 -2 15 
H: + HS 1.88 3.60 42 -5 16 


The repulsion of the electron orbitals of the atoms forming the reaction center 
AEn plays an important role in all the radical abstraction reactions. In the interaction 
of radicals with molecules, the contribution of this repulsion ranges from 25 to 46 kJ 
mol". In reactions of molecules with hydrogen atoms, the contribution is naturally 
smaller, varying from 8 to 16 kJ mol’. 


7.6.7. Influence of the z-bond and steric effect 


An aromatic ring and a double or triple bond in the a-position relative to a C—H 
bond weaken the latter by virtue of the delocalization of the unpaired electron in its 
interaction with the x-bond. The weakening of the C—H bond is very considerable: 
for example, D(C—H) is 418 kJ mol! in ethane, 368 kJ mol” in the methyl group of 
propene(AD = 50 kJ mol 5, and 375 kJ mol! in the methyl group of toluene (AD = 
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43 kJ mol). Such decrease in the strength of the C—H bond diminishes the enthalpy 
of the radical abstraction reaction and hence its activation energy. This effect is illus- 
trated below in relation to the reactions of the methyl radical with hydrocarbons. 


Hydrocarbon CoH, CH4CH-CH5 CH;CH; 
AH, kJ mor! -22.0 -72.0 -65.0 
E, kJ mor! 524 374 39.3 
AE , kj mol! 0.0 -15.0 -13.1 


Comparative analysis of the kinetics of the reactions of atoms and radicals with 
paraffinic (R'H), olefinic (R?H), and aromatic alkyl-substituted (RÓH) hydrocarbons 
within the framework of the parabolic model permitted a new important conclusion. 
It was found that the x-C—C bond occupying the a-position relative to the attacked 
C—H bond increases the activation energy for thermally neutral reaction. The corre- 
sponding results are presented in Table 7.16. 


Table 7.16. Influence of adjacent x bond on activation energy of hydrogen atom 
abstruction reaction. 


R RH bre, Eco AE, 
(kJ/mol)? kJ mor! kJ mol” 
H: R'H 14.49 57.9 
H RH 15.58 66.9 9.0 
H- RH 15.34 64.9 7.0 
R: R'H 17.23 74.2 
R R?H 18.86 88.9 14.7 
R RH 18.11 82.0 7.8 
RO: RH 13.37 552 
RO: R?H 14.41 64.1 8.9 
RO RÓH 14.16 61.9 6.7 
RO; RH 14.23 61.5 
RO, RH 15.68 74.7 13.2 
RO, RH 14.74 66.0 4.5 
AmO: R'H 13.72 58.0 
AmO: RÓH 15.66 75.5 17.5 
AmO: R)H 14.42 64.0 6.0 


Evidently the activation energy for a thermally neutral reaction with participation 
of a hydrogen atom or a radical (alkyl, alkoxyl, efc.) is higher in those cases where 
there is an a-bond or an aromatic ring next to the attacked C—H bond. Evidently this 
effect is a property of the structures themselves and the m-bond exerts a dual effect 
on the reaction center. On the one hand, by weakening the C—H bond the z-bond in 
the a-position lowers the enthalpy and hence the activation energy for the reaction. 
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On the other hand, by interacting with the electrons of the reacting bonds, the z- 
orbital increases the strength of the C—Y bond in the Y: + HR reaction, which 
increases the energy of the non bonding C—Y orbital and intensifies triplet repul- 
sion. 


The influence of bulky substituents, for example tertiary alkyl groups, on the 
kinetics of diverse chemical reactions is well known. A steric effect occurs also in 
radical reactions. Such substituents usually influence both the enthalpy of the reac- 
tion and its activation energy. The parabolic model examined in the present review 
make it possible to separate these effects and to estimate separately the contribution 
of steric hindrance to the activation energy. We shall examine the thoroughly inves- 
tigated radical reactions in which a radical attacks the O—H bond of a sterically hin- 
dered phenol (Ar OH) containing two tert- butyl groups in the ortho-position relative 
to the phenolic group. Comparison of the energies E,, for isotypical reactions involv- 
ing both sterically unhindered (Ar! OH) and sterically hindered (Ar OH) phenols 
makes it possible to estimate the contribution of steric hindrance AEs to the activa- 
tion energy 


AEs = E«(Ar OH) - Ee (Ar'OH) (7.54) 


The results of the comparison are presented in Table 7.17. The steric hindrance 
increases the activation energy for a thermally neutral reaction by 8.2, 8.2, and 24 kJ 
mol! when oxygen-centered, nitrogen-centered, and alkyl radicals are involved 
respectively. The data obtained with the aid of the parabolic model. The steric effect 
is manifested similarly also in the reactions of sterically hindered (Ar O) phenoxyl 
radicals with various substrates. The reactions of the sterically hindered 
diphenylpicryl radical (DPPH-) and the unhindered diphenylaminyl radical may 
serve as another example. In the reactions of DPPH- with phenols, the contribution 
of the steric effect to E.o ranges from 23 to 30 kJ mol", i.e.., is very considerable. 


Table 7.17. The contributions of the steric effect (AEs) to the activation energies 
for thermally neutral reactions of sterically hindered phenols, phe- 
noxyl radicals, and diphenylpicryl hydrazyl. 


Reaction br, Eeo» AEs, 
(kJ/mol)? kJ mor! kJ mol! 
RO, Ar OH 13.76 45.3 
RO; Ar? ‘OH 14.40 51.8 6.5 
CH; + Ar'OH 17.38 59.8 
CH; + Ar'OH 18.92 84.2 244 
Ar O- + Ar OH 12.61 39.7 
Ar!O- + AP OH 13.31 44.3 4.6 
Am: + Ar'OH 10.93 27.6 


Am: + AOH 12.15 34.2 6.6 
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AmO: + Ar'OH 12.93 41.8 
AmO: + AOH 14.54 52.9 11.1 
ArlO- -HOOR 13.46 45.3 
Ar/O- + HOOR 14.40 51.8 6.5 
ArO + AP'OH 14.37 51.6 2:3 
Ar'O- + AmH 10.13 27.6 
ArO- + AmH 11.59 36.2 8.6 
Am + RH 16.87 81.7 
DPPH: + RH 18.59 99.3 17.6 
Am: + Ar'OH 10.93 27.6 
DPPH: + Ar'OH 14.85 51.0 23.4 
Ar,O: + AOH 12.15 34.2 
DPPH: + A"OH 16.74 64.8 30.6 


7.6.8. Polar effect in radical reactions 


An extensive literature was devoted to polar effects in chemical reactions. The 
parabola model permits a fresh approach to this important problem. The introduction 
of a functional group into a hydrocarbon molecule alters the dissociation energy of 
the neighboring C—H bonds, which is indicated by the examples presented below. 


Compound C,H;—H CH,CH—H(OH) CH4C—H(O) C,H;OCH—HCH, 
D, kJ mot! 422 400 338 399 


The change in the C—H bond strength affects the enthalpies and through them 
the activation energies for radical abstraction reactions. If a molecule is attacked by 
a nonpolar group (hydrogen atom, alkyl radical), then the influence of the polar 
group on the activation energy is confined to a change in AH. This was confirmed by 
data on the reactions of the methyl radical with the C—H bonds of hydrocarbons and 
their derivatives (alcohols, ethers, etc.), which are characterized by a virtually iden- 
tical parameter br,=17.23 (kJ/mol) 2 Thus a polar group (OH, OR, etc.) influences 
only the enthalpy of reaction and not the energy of a transition state of the type 
C...H...C and H...H...C. 


A different picture is observed when a polar radical reacts with a C—H bond of 
a polar molecule. For example, the reaction of an oxygen atom with a methane C—H 
bond is characterized by the parameter br, = 13.1 1(kI/mol)!? while the reaction with 
a methanol C—H bond is characterized by the corresponding parameter of 
12.55(kJ/mol)'^. For these values of br, the difference between the activation ener- 
gies is 4.6 kJ mol". The decrease in activation energy can be explained by the fact 
that the polar O—H group in the O...H...C—-OH transition state interacts with the 
O...H...C polar reaction center. 


The parabolic model make it possible to isolate from the overall effect of the sub- 


232 Radical abstraction reactions 


stituent its contribution to E. In the calculation, use is made of the values of AH and 
the activation energy for a thermally neutral reaction of the given group (reaction 
series), because the activation energy can be represented by the sum E, = Eeo + AEy 
(see above), where the second term takes into account only the influence of enthalpy. 
The polar interaction in the transition state may be inferred by comparing the values 
of E,, in various reactions of the same radical involving a hydrocarbon and the cor- 
responding polar molecule. The contribution of the polar interaction to the activation 
energy (AE) can be estimated from the formula 


AE = [(hr,. - (br.)gu K1 + 0)? (7.55) 


where the parameters (br,) and (br, )gj, refer to reactions involving a polar compound YH and 
a reference hydrocarbon RH respectively. The results of the calculation of the energy AE (in 
kJmol ) for the X + HY gas-phase reactions are presented below 


X/HY CHOH CHO)  RCH(O) CH;C(O)CH; (CH3),0 


o 4.6 -4.6 -7.9 -9.4 -5.1 

HO- 24 1.8 1.5 -11.4 2.8 
CHO: -6.0 0 -12.2 : z 
(CHjCO- — - -4.2 -3.1 -17.8 : 


polar groups on the activation energies for abstraction reactions were obtained by 
analyzing experimental data on reactions with participation of alcoxyl and peroxyl 
radicals in the liquid phase. These data are presented in Table 7.18. As can be seen 
from the table, the interaction of a polar group with a O...H...C or O—O...H...C polar 
reaction center can both diminish and increase the activation energy. A very marked 
decrease in activation energy (from -11 to 19 kJmol!) was observed in the reactions 
of RO: and RO»: with aldehydes and ketones. The alcoholic group diminishes slight- 
ly the height of the activation barrier (by 1-3 kJmol !), the reaction of RO: with ben- 
zyl alcohol being an exception. In the reactions with ethers, an increase in activation 
energy is observed. 


Table 7.18. Kinetic parameters of the reactions of alkoxyl and peroxy] radicals 
with the C—H bonds of oxygen-containing compounds YH. 


YH RO: RO; YO, YO, RO; 

AEn, AEy, AEy, AAEy, 

kJ mor! kJ mor! kJ mol! kJ mol! 
AIkOH -1.5 -2.2 -5.8 -3.6 
Cyclo-CgH,;OH -1.1 -2.2 -5.6 -3.4 
Cg;H;CH;OH -8.8 -2.8 -12.7 -9.9 
Cs5H;CH(O) -19.0 -8.2 -15.8 -7.6 
RCH(O) -12.2 -8.8 -15.8 -7.0 
RC(O)CH;R -10.6 -15.4 -13.0 -24 


RC(O)CHR, -15.7 -21.2 -5.5 
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C.gH;CH,C(O)R -5.2 -11.2 -12.9 -1.7 
(R4CH50 -1.7 3.4 5.7 23 
(R»CH),0 2.3 6.3 3.5 -2.8 
(CsH;CH,),0 -1.4 
(CgsHs;RCH),O 6.1 3.7 -2.4 
(RO)CH, -3.9 1.8 1.4 -0.4 
(RO),CHCH, -0.4 62 3.8 -24 
cyclo-C9H,0CH; 8.4 
cyclo-CH;OCH; -3.8 -3.8 0.0 
cyclo-RCHOCH, -3.4 -5.3 -1.9 
cyclo-OCH,OR 24 -0.2 22 
CH4OC(O)R 6.3 8.7 
RCH,OC(O)R 8.0 8.9 -11.2 -20.1 
cyclo-CgH,,OC(O)CH;, 6.1 8.8 


7.6.9. Effect of multidipole interaction 


Yet another effect, namely multidipole interaction, is manifested in the reactions 
of polar radicals with polyfunctional compounds. This effect consists in the unequal 
reactivities of the same group, for example, RxCH(OH), in compounds with one and 
several functional groups. The corresponding kinetic data were analyzed within the 
framework of the parabolic model. The multidipole interaction is manifested, in par- 
ticular, in the reactions of peroxyl radicals RO», containing functional groups, with 
oxygen-containing compounds YH (Table 7.18). The magnitude of this effect in the 
transition state may be inferred from the change in the activation energy for a ther- 
mally neutral reaction on passing from a monofunctional compound YH to a poly- 
functional compound ZH 


AAEy = [(bre) zu - (bre) yu] (+ 0)? (7.56) 


As can be seen from Table 7.19, the highest values of AAEg correspond to the 
transition from RO, to YO, containing a carbonyl or ester group. Apparently this 
effect is induced by the dipoledipole interaction in the transition state. Table 7.19 
presents data concerning the influence of ester groups on the reactivity of CH» 
groups in reactions with peroxyl radicals. The multidipole effect always reduces the 
activation energy for reactions of this group and in certain cases the decrease is 
extremely significant (down to -10 kJmol'' and even further). 
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Table 7.19. Kinetic parameters of the reactions of cumylperoxyl radicals with 
compounds containing ester groups. 


Ester AH., E. bre, AEp, AAEp, 
kJ mol! kJ mol! (kJ/mol)! kJ mol! kJ mol! 
[CH,OC(O)]}, 317 72.5 13.70 -36  -123 


[CH,(CH,),C(O)OCH)] 23.7 710 1402 03 -86 
[CH(CH,),C(O)OCH,CH,}) 237 688 1373 04 -93 
CH,0(O)C(CH;,C(O)OCH,CH, 237 748 1446 22 -67 
CH,[CH,C(O)O(CH3),CH3}; 237 766 146 60  -29 
CH,[CH,C(O)O(CH,);CH3}, 237 761 1461 55 334 
[CH.CH,C(0)OCH;],C(CH;, 237 786 1489 80  -09 
[CH(CH;,C(OJOCH)LC | 237 768 1469 62 -27 
[CH(CH;«C(OJOCHCH;LO 237 773 1472 65 -24 
[CH;C(O)OCH;],C 227 776 1478 70 -19 
[CH;CH;C(O)OCH;],C 2237 758 1455 51 -38 
[CH&CH;4C(OJOCH,4C — 237 696 1385  -11  -10 
[CH,;CH,C(O)OCH)};CCH,CH, 237 774 1476 68 -21 


7.6.10. Solvation of reactants in radical abstraction reactions 


Yet another important effect, observed when reactions take place in the liquid 
phase, is associated with the solvation of the reactants. Theoretical comparison 
showed that the collision frequencies of the species in a gas and in a liquid are dif- 
ferent, the difference being due to the difference between the free volumes. In a gas, 
the free volume is virtually equal to the volume occupied by the gas species (V, V), 
while in a liquid it is much smaller than the volume of the liquid species (V; << V). 
Since the motion and collision of the species occur in the free volume, the collision 
frequency in a liquid is higher than in a gas by an amount (V/ yj? . The activation 
energies for the reactions of radicals and atoms with hydrocarbon C—H bonds in a 
gas and in a liquid are virtually identical, that in a liquid being independent of the 
solvent polarity. This also applies to the parameter br, which can be seen from the 
following examples referring to the interaction of the hydroxyl radical with hydro- 
carbons: 


RH CH, C4Hg 
br,, (kJ/mol)" ? (gas) 13.74 13.52 
bre, (kJ/mol)'? (150) 13.48 13.40 


A different picture is observed when a polar molecule is attacked by a polar rad- 
ical (HO-, RO-, RO,-). The reaction in a polar solvent is slower than in a nonpolar 
hydrocarbon solution or in the gas phase. From the change in the parameter bre, it is 
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possible to estimate the extent to which the activation energy increases as a result of 
the solvation of the polar reactants 


AE, = [Gr - (6r), * (1 * à)? (7.57) 


The subscripts | and g in Eq. (7.57) refer to the liquid and gas phases, respec- 
tively. The results of the comparison are presented in Table 7.20. If the HO: + YH 
reaction takes place in aqueous solution and not in the gas phase, the parameter bre 
and hence the activation energy increase. This is associated with the solvation of the 
reactants and the need to overcome the solvation shell by the reacting component in 
order to effect the elementary step. The contribution of AE, is particularly large in 
the reaction of the hydroxyl radical with aldehydes. 


Table 7.20. Contributions of the solvation effect to the activation energies for 
radical reactions. 


RH (br, e)gas: (br, cJliquid AE so J 
(kJ/mol)? (KJ/mol)!? kJ mol”? 
Radical: HO-, H,O 


CHOH 13.91 14.26 3.1 
CH,CH;OH 13.48 14.01 4.6 
(CH3CHOH 13.31 14.12 71 
(CH;);COH 13.39 14.13 6.5 
CH4OCH; 13.95 14.70 6.8 
(C)Hs),0 13.47 14.33 7.6 
CHO 13.84 14.98 10.4 
CH,CHO 13.81 14.99 10.8 
CH,COCH; 13.81 14.50 6.3 
CH,COOCH; 14.38 14.97 5.5 
Radical: (CH3),CO-, CH;COCH, 
CH,COCH; 12.67 13.17 72 


When a radical or atom attacks a polar O—H or N—H bond, the reactant Y forms 
a hydrogen bond of the type O—H...Y or N—H...Y in polar solvents. The hydrogen 
bond shields the reactant and slows down the reaction regardless of what kind of rad- 
ical, polar or nonpolar, attacks it. A universal kinetic scale was proposed for the esti- 
mation of the effectiveness of such shielding. 
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7.7. Radical substitution reactions 


Substitution (or replacement) reactions of the type 
R + R’MR’ > RMR’ +R’ 


are characteristic of organometallic compounds and compounds bearing O—O, 
S—S, Sn—Sn, etc. bonds. These reactions can be divided into two groups: synchro- 
nous substitution reactions that occur in one act and stepwise substitution reactions 
that occur in two steps, for example, 


(CH3),CÓ + P(CH3); > (CH3);3POC(CH3)3 — CH; + (CH); POC(CH;), 


Let us consider briefly the material on synchronous substitution reactions. When 
an intermediate radical in the stepwise substitution decomposes very rapidly, it is 
rather difficult to establish the mechanism. 


Substitution reactions involving RO» occur during the oxidation of organomag- 
nesium compounds 


RO, *MgBr; > ROOMgBr + R 
The attack of the alkoxy radical at the organometallic compound 
(CH;);CO + MR, —> (CH3);COMR,.; +R 


occurs as a stage of the chain process of interaction of peroxides with such com- 
pounds as (C;H5);Zn, (CH3);Cd, R3B, (CH3)3Al, (C2Hs)3Ga, (C2Hs)3Bi, and others. 
The formation of alkyl radicals in these systems was proved by the ESR method. 
These reactions occur much more rapidly than H atom abstraction from hydrocar- 
bons, as it can be seen from the following data (303 K) (k in l/(mol s)) (K. Ingold 
with coworkers, 1970-72): 


RO, + BR; 2 ROOBR; +R 


It is seen that trialkylboron is more reactive than compounds bearing the B—O 
bond. Secondary alkyl borides are less reactive that primary compounds, perhaps, 
due to additional steric hindrances. Alkoxyl radicals react with R5B still more rapid- 
ly (k= 10’ V/(mol s) for the reaction of (CH4),CO- with (C4H3)4B at 303 K). 


7.8. Reactions of biradicals 


Biradicals can be grouped as follows: species bearing a free valence on two dif- 
ferent atoms and species with a deficient of two electrons at the external electron 
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shell of the same atom. Representatives of the first type are, e.g., radicals with the 
following structure: 


R R 
Sy 
R R 


Electronic spectra of these radicals have a complex structure because of the spin- 
spin interaction. Such radicals enter into chemical reactions characteristic of mono- 
radicals with a similar structure. 


Among radicals of the second type, carbenes (methylenes) are well studied. The 
simplest carbene is methylene :CH), which exists in two forms: singlet and triplet. In 
singlet :CH, the HCH angle is equal to 103°, rc. 4 = 0.112 nm, AH = 393 kJ/mol. In 
triplet :CH) all three atoms lie on one line, rc. 4 = 0.103 nm. 


Carbenes are formed upon photolysis of some compounds 


h 
R,C— N,— —e R;C: +N; 
CH,— C=O0—" > CH) = C= O(S) —— :CH,(S) * CO 
:CH4(T) *CO 


(the yield of triplet methylene from ketene is 15% at A = 280 nm and 40% at à = 366 
nm); 

upon the action of a strong base on trihalomethane 

CHCI; + B — :CCl, + HB + CT 
upon the thermal decomposition of some compounds 
CHN; > N; + :CH,, CChSIiCl, —> :CCl, +.SiCl, 
upon the interaction of CCl, with metals 
CCl, + Mg — MgCh + :CCh 


Carbenes are very active and enter into various reactions. Singlet carbene is rap- 
idly inserted at the C—H bond 


RH + :CH, > RCH; 
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and the insertion rate is independent of the strength of the C—H bond: :CH, is insert- 
ed with approximately the same partial rate constant at the primary and secondary 
C—H bonds. This is seen from the composition of hexanes, which are obtained by 
the reaction of n-pentane with CH;N, (methylene source): n-hexane (48%), 2- 
methylpentane (35%), and 3-methylpentane (17%). The fraction of the correspon- 
ding hexane in the reaction products corresponds to the number of the attacked C—H 
bonds. The insertion of methylene at different bonds of isopentane (liquid) occurs 
with the following relative rates: 1.0 (prim.) : 1.2 (sec.) : 1.5 (fert.). The vinyl and 
ally! C—H bonds also differ slightly with respect to methylene. For example, in 
propylene the rate of insertion rates of :CH, at the vinyl and allyl C—H bonds is 1 : 
1.4 (gas phase). 


Addition occurs much more rapidly than insertion at the C—H bond. For exam- 
ple, in the case of ethylene, the rates of :CH, addition and insertion are in a ratio of 
1 : 0.044 (gas phase). Triplet :CH, detaches H from the C—H bond 


RH + :CH;(T) > R + CHC 


This reaction is an efficient method of synthesis of cyclopropanes. Singlet car- 
benes add at the double bond stereospecifically unlike triplet carbenes. The structure 
of olefin, naturally, affects the addition rate. Below we present the relative rates of 
:CCl, addition in dimethoxyethane at 353 K with respect to cyclohexene 


(CH3),C=C(CH3)C>Hs CH4CH-C(C;H5); CH;7C(CjH3)CH;CH;CH; 
23.2 2.30 


3.13 : 
cis-C,H;CH=CHC3H, trans-C2H;CH=CHCHC;H, CH3=CH(CH 2)4CH3 
0.84 0.54 0.22 


Carbenes are so reactive that add to the benzene ring to form the cyclohepta- 


trienyl cation 
*iCHCI——— C pa (> *cr 


7.9. Radical reactions in solid polymer 


A wide use of polymeric materials in technology and agriculture stimulated stud- 
ies of chemical reactions in polymeric media. During manufacturing, processing, and 
exploitation of polymers (polyethylene, polypropylene, rubber, polystyrene, 
poly(ester acrylates)), free radicals appear in them and various radical reactions 
occur. Free radical formation occurs under the action of light, penetrating radiation, 
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during oxidation with oxygen or mechanical actions. The kinetics of radical process- 
es in solid polymers has several specific features, which are worthy of special con- 
sideration. These specific features are resulted from the chemical structure and 
physics of molecular motions in a solid polymer. 


In amorphous and amorphous-crystalline polymers chemical processes occur pre- 
dominantly in the amorphous phase of a polymer in which the solubility of gases and 
low-molecular substances is higher, diffusion of species and chemical processes 
occur more rapidly. The amorphous phase consists of segments of macromolecules 
arranged chaotically due to which the far-range order characteristic of crystals is 
absent. The amorphous phase of the polymer is micrononuniform: it consists of 
regions with different packing densities of macromolecular segments. This results in 
different intensities of molecular motions in these regions, which affects the kinetics 
of reactions in solid polymers. 


7.9.1. Rigid cage of polymeric matrix 


A collision of two particle-reactants is needed for the bimolecular reaction to 
occur. In the condensed phase (both in the liquid and solid phase), this reaction 
occurs in two stages. At first particle-reactants, moving due to the molecular mobil- 
ity of surrounding solvents particles of polymer segments, approach each other at the 
reaction distance (get into the same cage"). Then they react with each other with the 
rate constant k, or diverge with the rate constant vp (index D designates diffusion) 


k, 
A+B ==> A.B —* Products 


In a liquid the cage is formed by comparatively small molecules (10-100 atoms), 
which are very mobile. Due to the high mobility and a small volume, these molecules 
create the energetically equivalent cage of any shape around the reactants. Therefore, 
the mutual orientation of particles necessary for an elementary act in the liquid does 
not require an additional energy expense for the rearrangement of surrounding mol- 
ecules, and the steric factor is independent of the medium viscosity and determined, 
as in the gas phase, by the structure of the reactants and structure of the reaction cen- 
ter. 


The different situation is observed for the reaction in the polymeric matrix. Here 
two reactants collide in the cage formed by segments of a macromolecule. The 
macromolecule represents, in the first approximation, a large entangled ball of 
sequentially linked 107-10? monomeric units (07-10? atoms). Since these units are 
linked by sequential chemical bonds, conditions for the predominant appearance of 
cavities with a certain shape, e.g., cylindrical, are created in the polymer. Therefore, 
cages in which two particle-reactants collide have energetically nonequivalent 
shapes in the polymer. The transition from one, energetically favorable shape of the 
cage to another, less favorable, requires energy expenses. For the bimolecular reac- 
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tion, reactants should mutually be oriented in such a way that this corresponds to a 
minimum in the curve of the potential barrier. In the solid polymer, an additional 
energy is required for the transition from the energetically favorable shape of the 
cage to that needed for the formation of the orientation, which is necessary for the 
reaction to occur. Thus, in the polymer the pre-exponential factor A, depends on the 
configuration of the transition state, forces of the molecular interaction of macro- 
molecular segments, and temperatures. This picture provides the following qualita- 
tive peculiarities of the bimolecular reaction in the polymer compared to the reaction 
in the liquid: 


Liquid phase Polymeric matrix 
kiiq kp < kj, due to the noncorrespon- 


dence of the cage shape most favor- 
able energetically 


kjg is independent of viscosity kp increases with an increase in 
molecular mobility 
Activation energy £j, is independent The lower the molecular mobility in 
of viscosity for ki, < kp polymer, the higher the activation 
energy E, > Ej, and E, 


Table 7.22 presents the comparison of experimental data for three bimolecular 
reactions along with rotational frequencies of nitroxyl radicals (v;) and orientational 
frequencies of reactants v, = Pv,, where P is the steric factor of the reaction for the 
liquid phase. It is distinctly seen that in all studied cases k, < kj; all reactions stud- 
ied occur in the kinetic regime (k, < kp), and the rate constant in the polymer is much 
lower than the orientational frequency of the reactants. The dependence of the rate 
constant of the reaction of the molecular mobility (rotational frequencies of the reac- 
tant, nitroxyl radical) is described by the quantitative model of a particle-gyroscope, 
which rotates in the cosinoid potential field created by the rigid cage. 


A particle is considered as a classical gyroscope with the rotation moment J, 
which rotates in the plane around the fixed axis (planar model of a particle in the 
cage). Segments of the macromolecule forming the cage create around the particle 
the field potential of intermolecular interaction forces. This field is simulated by the 
periodical n-fold continuous cosinoid potential 


O) = 0.5V,(1 - cosn,©) (7.58) 
where V, is the potential barrier separating two energetically favorable positions of the parti- 


cle, and n, is the number of these positions upon the turn of the particle at the angle from 0 to 
T. 


The rotation of a particle in the cage is considered as the rotational Brownian 
motion of the classical gyroscope around the fixed axis in the potential field (O). 
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The rotational frequency of the particle v (in s!) as a series of sequential jumps 2n, 
in one direction is the following: 


v = (2xnyVJ2JO)exp(-VJRT) (7.59) 
where £ is the coefficient of rotational friction x = 2n,. 


Table 7.21. Rate constants of bimolecular reactions with translatory and rota- 
tional diffusion of reactants 


Medium k,V(mols) kp, (mol s) P Vp s! Vor s 
ROOH + Cj9H;NHCSH4NHC9H;, 300 K 
C4 HsCI 6.710* 3410? 610 710? 4-10° 
Polypropylene  6.2-10% 3-10° 6106 1.5107 90 
(PP) 
PhO + HOOR, 295 K 
CH 0.12 310? 6-10 6:10? 4-10 
PP--896C4H,Cl — 3.8.10? 8.107 610% 310 210 
PP +2%C;H;C1 1.410? 2:107 6105 8-10! 500 
Polypropylene — 3.510? 2-106 610% 8-10 500 
Polyethylene (PE) | 5.610? 9-10 6:105 4-10’ 240 
>NO + PhOH, 303 K 
C4HsCI 7.2104 3110? 1.3:10$ 710 9 
Polypropylene — 6.3:10? 3-10° 1310? 1410’ 0.02 


To consider a pair of particles and their mutual orientation, the equilibrium dis- 
tribution of orientations of the gyroscope (one of the particles) is usually calculated. 
It has the form 


exp| -V (9)/ RT | 


W (0)d® - ———————————— 
@) 2exp(- V,/ 2 RTI, (V/ RT) 


(7.60) 


where Z,(V,/2RT) is the modified Bessel function of the zero order of an imaginary argument. 


The orientation of particle A with respect to particle B at the sighting angle ©. is 
necessary for the reaction to occur. The probability of this orientation W(O4) is the 


following: 
A0,exp| - V, (8,)/ RT | 


Mo On) 357 V 2RT ex VIRT) 


(7.61) 


where Va = 0.5V,(1 - cosn;O4) is the potential energy of the orientation (favorable for the 
reaction to occur) of reactant À in the cage. 


Considering the reaction in the framework of the encounter theory, according to 
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which for the bimolecular reaction 


k = z,KAgPexp(-E/RT) l/(mol s) 


where z, is the factor of collision frequency, and K,g is the equilibrium constant between reac- 
tants À and B in the volume and in the cage, 


we obtain 
ky = hy CexpC-V;/ RT) 


if z,KAp is considered to be the same in the liquid and polymer. The potential of 
mutual orientation of particles V,, X V,, and for the particular reaction (the ©, angle 
is fixed) 


Vax = mV, 
where m = 0.5(1 - cosn O4). 


The potential barrier V, can be expressed in the framework of the accepted model 
through the rotational frequency of particle A. Since in the liquid V, = 0, we can 
accept the rotational frequency of the particle in the polymer as 


Vp = ViigeXP(-Vo/RT) 
and determine 
V, = RTIn(Vig Vp) 
Combining the expressions 
ky = hy CexpC Vo/ RT), 
Vor = mV, and V, = RTIn(vig/vy) 


we obtain the universal formula relating the reaction rate constant in the polymer to 
the molecular mobility of the reactant in the polymer 


log {htig/kp(Vp/Vtiq) I [0.5ln(viig/vp)]) = mlg(viig/ Vp) (7.62) 


This formula agrees well with experimental data for the reaction of the nitroxyl 
radical with phenols and of the phenoxyl radical with ROOH studied in polypropy- 
lene, polyethylene, and polystyrene at different temperatures. 


7.9.2. Alignment of reactivity of reactants in polymers 


Yet another important specific feature of bimolecular reactions in the polymer is 
the narrowing of the range of changing the reactivity of particles (radicals of mole- 
cules). This alignment of reactivity is observed not only for diffusion-controlled 
reactions (in this case, the explanation is trivial) but also for slow reactions that occur 
with the activation energy. This phenomenon was observed for the first time for the 
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reaction of peroxide radicals with several phenols. Peroxide radicals were generated 
due to the decomposition of azoisobutyronitrile in the presence of oxygen; the ratio 
of rate constants of the reactions RO, + InH (InH is phenol) and RO; + >NO- (>NO- 
is p-methoxydiphenylnitroxyl) was measured by the method of competitive reac- 
tions. 


In solid polystyrene at 343 K, this ratio for the phenols studied changes 17-fold, 
whereas in the liquid phase the rate constant of the reaction RO, + InH in ethylben- 
zene for the same compounds changes from 0.3 to 48-10 (mol s), ie.., 160-fold. 
The rate constants of the reaction of RO, with several phenols (measured by the 
kinetics of the initiated oxidation of isotactic polypropylene (PPI)) change twofold 
(388 K), whereas in cumene at 333 K for the same phenols they change 20-fold. 


A similar regularity is observed for the reaction of RO, with 2,6-di-tert- 
butylphenols with different substituents in the para-position of PPI (at 353 K in the 
polymer k of this reaction changes from 0.6 to 8-10" I/(mol s), whereas in ethylben- 
zene it changes from 2.8 to 200-10? (mol s)) and for the reactions of several para- 
substituted 2,6-di-tert-butylphenoxyl radicals with hydroperoxide groups of 
polypropylene. 


Alignment of the reactivity can easily be explained from the model of rigid case 
when additionally taking into account the specificity of the propagation of thermal 
fluctuations in the condensed phase. According to the said above, the activation of 
not only reacting particles (as in the liquid phase) but also that of the surrounding 
segments is required in the polymer for the bimolecular elementary act to occur. 
Therefore, in the polymer the Gibbs activation energy is 

AG; = AG;, + AG; 


where AG; is the Gibbs activation energy for the reaction in the liquid similar to the poly- 
mer in tne character of intermolecular interactions, and AG, is the reorganization energy of 
the rigid cage necessary for transition state formation. 


In the polymer the activation of a molecule is accompanied by the activation of 
the segments surrounding it because the thermal fluctuation in the polymers covers 
an array (group) of adjacent segments. The size of such fluctuations can be judged 
from the density fluctuations in the polymers, which cover 10 to 100 segments near 
the vitrification point. Therefore, when the energy AG;, is concentrated on the reac- 
tion center, the segments surrounding the pair are inevitably activated. Therefore, the 
activation energy of the cage AG; can be divided into two terms 


AG? = AG - AGZ 


one of which (AG?/) is determined by AG;,, and the second term (AG?) is the ener- 
gy that is additionally necessary for cage activation to form the transition state con- 
figuration. It is reasonable to assume that the higher AG; , the higher AG7/. When 


liq? 
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accepting the simplest, namely, linear relationship 


AG*’ = BAG; 


liq 
then the Gibbs activation energy in the polymer 


AG; = AG; (1-B) +AG” 
Then the correlation reflecting the following alignment should be fulfilled for the 
reaction rate constants in the polymer k, and liquid kj,” 


log(kig'kp) = B + logkgB = AG?/(2.3RT) - Blog(RT/NA) (7.63) 


Evidently, at a sufficiently high AG;, 2 AG;,, 
and ky = kj. 

Table 9.23 presents the results of experimental data processing for the reactions 
RO»: + ArOH, ArO: + ROOH , and .NO: + ArOH by formula (8.80). As can be seen 
AG* changes from 30 to 60 kJ/mol. Thus, the conception of rigid cage explains the 
phenomenon of alignment of reactivity. 


Table 7.22 Parameters B and f and Gibbs energies AG? and AG;, (kJ/mol) for 


li 
several radical reactions in the liquid phase and solid polymer 


= AG?/B, AG?/ = 0, AG; = AG? 


liq? 


Reaction T,K B B AG, AGa 
RO2: + ArOH 388 0.53 -3.2 2742 51 
RO2- + ArOH 353 0.48 -1.1 3443 71 
ArO: + ROOH 353 0.57 2.0 61412 107 
2NO: + ArOH 333 0.48 21 5344 110 


7.9.3. Transhybridization delay in reactions involving macro- 


molecules and macroradicals 


Trans-hybridization of the orbitals occurs simultaneously in the elementary act of 
H atom abstraction from the C—H bond: sp? hybridization of the orbitals of the C 
atoms is transformed into sp? hybridization. This transition is accompanied by a 
change in the bond angles of the C—C bonds from 109 to 120°. In reactions of low- 
molecular compounds and in reactions of polymers in a solution, this rearrangement 
occurs already in the transition state simultaneously with hydrogen atom abstraction. 
In the solid polymer when the H atom is detached from the C—H bond of the poly- 
meric chain, trans-hybridization delay is possible. This is related to a change in the 
bond angle of the C—C bond, which is delayed in the polymeric chain due to the 
strong van der Waals interaction between the adjacent segments of the macromole- 
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cules and a low segmental mobility resulting from this. The role of orbital trans- 
hybridization in abstraction reactions are pronounced for polymers under loading: 
the C—H bonds of macromolecules, which are in the stretched state, have angles 
between the C—C bonds exceeding 109? and react more rapidly with ozone. 


The contribution of trans-hybridization of orbitals in abstraction reactions in non- 
strained polymers is less clear. The matter is that the reactivity of molecules and rad- 
icals in polymers is lowered, as we saw, because the rigidity of cages in which bimol- 
ecular reactions occur. Therefore, the decrease in the rate constant of the abstraction 
reaction on going from the liquid to solid polymer cannot be ascribed to only one of 
these two factors. It seems evident that, under conditions of restricted mobility of 
segments in the crystalline phase and in the glassy state in the amorphous phase (at 
T< T,, where T, is the vitrification temperature), trans-hybridization delay can sub- 
stantially retard the abstraction of the H atom from the polymer by the radical. In the 
amorphous phase at T> T, the segments are rather mobile and, most likely, the effect 
of trans-hybridization delay is slightly pronounced. In resins where the mobility of 
macromolecular fragments is high, virtually no trans-hybridization delay is observed. 


A similar situation appears in the addition of a macroradical to a molecule with 
the double bond or to oxygen. In this reaction sp hybridization is transformed into 
sp? with a change in the bond angle of the C—C bonds from 120 to 109?. Of course, 
for the polymeric radical this rearrangement in the solid phase is hindered by the 
interaction with adjacent segments. Therefore, in the solid polymer the addition of 
oxygen to the alkyl macroradical is slower than in the liquid phase and occurs with 
the activation energy. 


7.9.4. Polychronous kinetics 


As already mentioned, the solid polymer is structurally nonuniform and repre- 
sents an array of regions differed in packing of segments of macromolecules, densi- 
ty, and molecular mobility. If some physical (diffusion of the gas or dilute) or chem- 
ical processes (decomposition, recombination of particles, bimolecular reaction) 
occurs in the polymer, the polymer is as if a set of microreactors in each of which the 
process occurs with its intrinsic rate characteristics. Since in the polymer the reaction 
occurs in the rigid cage, all bimolecular processes controlled by both diffusion and 
kinetics occur in different microvolumes of the polymer in different ways. 


This structural “mosaic” of the polymer results in the so-called polychronous 
kinetics of physical and chemical processes in the polymer. The polychronous kinet- 
ics is manifested as the stepwise process in heating the polymer. When free radicals 
are generated in the concentration [R-], in the polymer, for example, polystyrene, at 
the low temperature 7, and then the sample is heated to the temperature 7|, some rad- 
icals decay due to diffusion and recombination, and the new concentration [R], is 
established rather rapidly (for 107-10? S) and then at 7, — const remains virtually 
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unchanged in time. This is the specific feature of the polychronous kinetics of the 
process in the solid polymer and its distinction from the kinetics in the liquid phase. 


On subsequent heating of the sample to 7; the radical concentration decreases to 
[R]; etc. to the complete disappearance of the radicals at a sufficiently high temper- 
ature. When the standard conditions are fulfilled, the value of the step [R-], - [R-]; 
depends on the temperatures 7, and 7; only. 


The formal kinetics of such polychronous processes was developed. It is based on 
the fact that the particles are distributed over microreactors (ensembles) in each of 
which the reaction occurs with the intrinsic activation energy. Formally this looks 
like the particle distribution over activation energies 


for the reaction of the first order 
n; = nfi E)expChat) 
for the second order 
n; =n f(E)exp(1 + kanat) 
The rectangular distribution f(E) in the form 
KE) = BüEsas - Emin) 
is the simplest and considered in detail. 
For this distribution the following (logarithmic) law of particle consumption n is 


fulfilled: 
E, RTInk2n,t 


———À 7.64 
Ein E min Eur E min ( 


ELM 
n, 
The polychronous kinetics reflect the deep interrelation between the reaction 
kinetics in the polymer and molecular mobility of the polymer segments and the 
nonuniformity of the polymer as a medium for the slow relaxation of physical 
processes in the polymer. 


7.9.5. Influence of mechanical strain on chemical reactions in 
polymer 


The mechanical loading on a polymeric item not only changes its shape and sizes 
but also affect substantially its supramolecular structure. The mechanical loading on 
the amorphous-crystalline polymer (polyolefins) substantially influences first of all 
on the amorphous phase of the polymer. The stretching strain results in the confor- 
mational transitions: the number of gauche conformations decreases and the number 
of trans conformations increases (polyethylene, poly(ethylene terephthalate)). Under 
strain chains of macromolecules are additionally oriented and the rotation of the rad- 
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ical-probe in these samples is retarded, diffusion is retarded and the cage effect is 
enhanced. 


The stretching strain results in polymer destruction due to the cleavage of the 
C— bonds to form free radicals. Their formation in polypropylene under loading 
was detected by the consumption kinetics of radicals of 2,2,6,6-tetramethyl-4- 
oxopiperidine-N-oxyl. It has been established that the higher the strain o, the higher 
the rate of radical formation due to the cleavage of the C—C bonds of the macro- 
molecules. The following dependence is observed between the rate of radical gener- 
ation v; and c (polypropylene, 294 K, o = 195-430 MPa): 


logy, (mol/l s) = 12 - (125 - 53-10 55y2.3AT (7.65) 


(where E- = 125 - 53:10 So is expressed i in kJ/mol, o is expressed in MPa, and the fac- 
tor 53-10 is expressed in m ?/mol). The most strained fragments of macromolecules 
in the amorphous phase are prone to rupture. 


The mechanical loading on the polymeric sample also changes the reactivity of 
the C—H bonds. This was distinctly shown by A.A. Popov in studies of the reaction 
of ozone with C—H bonds of polypropylene under loading. Ozone attacks the terti- 
ary C—H bonds of the macromolecule according to the reaction 


RH + O; > R + HÒ; 


In the solid phase the reaction occurs with the rate constant k = 6-10 exp(-48.5 
kJ/mol/RT) kg/(mol s). Under the loading effect, the reactivity of the C—H bonds 
increases, and the following correlation between k, (rate constant of the reaction in 
the sample under loading 6) becomes true: 


nk, = Ink + yo/RT 
where y = 2:10% m?/mol. 


The acceleration of the reaction of the C—H bond with ozone under loading is 
n reas by the following circumstances. In a polymeric molecule each C atom has 

jp hybridization of the orbitals, due to which the CCC angle is equal to 109°. The 
Pan of ozone with the C—H bond is accompanied. by the formation of a radical 
in which the C atom is already characterized by the sp’ hybridization of the orbitals 
with a CCC angle of 120°. Under loading the CCC angles in the macromolecular 
segments in the transition chains are deformed. This decreases the transhybridization 
energy at the carbon atom of the attacked C—H bond and, correspondingly, the acti- 
vation energy. Loading increases the energy of these macromolecular regions and, 
hence, decreases the activation barrier. A distinct symbate character was established 
for the influence of the mechanical loading in the polymer and deformation of angles 
of the C—C bonds in cyclic hydrocarbon on the reactivity of the C—H bonds in their 
reaction with ozone. The loading also accelerates the reaction of ozone with double 
bonds and hydrolysis of polyamides with water vapor. 
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7. 10 Radical reactions in biology 


In 1949 Chance in his classical work has constructed the following radical mech- 
anism of substrate (DH2) oxidation catalyzed by peroxidase (E) 


E+H,0,> El 
Ei + DH, — EI + DH 


Ell + DH, > E+ DH 


According to the Chance mechanism, the interaction of H202 with the enzyme 
gives "compound I " (EI). The oxidation of the donor molecules leads to "compound 
II" (EID) which oxidizes the second donor molecule. The radical intermediates were 
detected experimentally for such substrates as amines and phenols with relatively 
high reduction potential (Dunford and Stillman, 1976). The one-electron steps with 
the formation of free radicals at oxidation of amines and phenols have been proved 
in the ceruloplasmin, laccase and ascorbic oxidase reactions (Malsmstrom et al., 
1975). 


Recently enzymatic mechanisms that proceed by free radical chemistry ini- 
tiated by the S'deoxyadenosyl radical were discovered. (Frey, 2001). Three radicals 
were specroscopically characterized in reaction of the interconversion of L-lysin and 
L--lysin by lysine 2,3-aminomutase. The enzyme [Fe4S4]+ center undergoes the 
chemical cleavage of S-adenosylmethionine (SAM) with the reversible formation of 
5'-deoxyadenosyl radical. In other reactions with SAM, iron-sulfur proteins generate 
this radical which activate an enzyme to abstraction a hydrogen atom from an enzy- 
matic glycyl residue to form a glycyl radical. S5'deoxyadenosyl radical also arises in 
adenosylcobalamin reaction as the result of hemolytic cleavage of the cobalt-carbon 
bonds. In the following reaction this radical initiates abstraction hydrogen atoms 
from substrates. 


The radical rebound mechanism has been proposed and proved in several 
cases in reaction of hydroxylation catalyzed by cytochrome 450 and methane 
monooxigenase. 


The kinetic methods and analysis of products can provide valuable infor- 
mation about mechanisms of the cytochrome P450 reactions. According to the pio- 
neering works of the Groves group (Groves, 1985) the observed kinetic isotope effect 
(KIE) is large: KH/kD > 11 for benzylic and aliphatic hydroxylation. This observa- 
tion was confirmed in kinetics studies of various systems. In one instance a large 
intramolecular KIE was observed for flour derivative of camphor (Sono et al., 1986). 
The experimental KIF was attributed to the Groves rebound mechanism in which the 
iron-oxo species abstracts an H atom from substrate to give an iron-hydroxo species 
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and an alkyl radical, followed by recombination of the hydroxo-species and the alkyl 
radical. This mechanism was also supported by experimental results of stereochem- 
istry and regiochemistry in some systems (Oritz de Montellano, 1995). Thus, stereo- 
chemical allylic transformation was demonstrated by using microsomal P450-2B4 as 
a substrate. The radical mechanism was also supported by the absence of skeleton- 
rearranged alcohol products, which were expected to be generated from a carboca- 
tion intermediate in hydroxylation of substrates as norcaran (Oritz de Montellano, 
1995). 
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Chapter 8 


Reactions of ions and radical ions 


8.1. Dissociation to ions and ion recombination 


8.1.1. Solvation of ions in solution 


Ionization of substances in polar solvents is accompanied by the formation around 
the ion of a solvate jacket consisting of solvent molecules. This solvate jacket is 
formed due to the ion-dipole interaction of molecule-dipoles with the ion of the 
dilute. Several methods are used for the estimation of the number of solvent mole- 
cules, which create the solvate shell of the ion (solvation number SN): NMR, UV and 
IR spectroscopy, by electroconductivity, viscosity, etc.). 


Data of different methods diverge. For example, for Na” in water SN = 13 (by the 
transfer number), 3 (by electroconductivity), 3 (by viscosity), 4 by (compressibility 
of the solution), 4 (by entropy of dissolvation), and from 3 to 4.5 (by NMR). The SN 
measured by the NMR method for several cations in H,O are 3.4 to 5 for Li", 3-4 for 
Na’, 1-4.6 for K^, 4 for Be”, 3.8 for Mg”, 4.3 for Ca^, 5.7 for Ba”, and 6 for Fe”, 
Co”, Ni", and Zn”. 


On the other hand, the solvation number depends on the nature of solvent mole- 
cules: their polarity and sizes. Below we present the SN values for Na' in several sol- 
vents. They were estimated from viscosity (through the Stokes radius): 9 (H,O), 6 
(CH30OH), 5 (C,HsOH), 4, (n-C3H7OH), 4-5 (CH;COCH;), 5-6 (CH3CN), 4 (pyri- 
dine), 3 (C,Hs;COCH3), 2.6 (CH;CON(CH3),), and 2.0 (Sulpholan). Different meth- 
ods of solvation are observed in mixed (binary) solvents. 1. Both components partic- 
ipate approximately to the same extent in the formation of the solvate shell. This takes 
place, e.g., for the solvation of Li’ in the H,O + D,O and H,O + (CH;),SO, mixtures 
and of Mn” in the HO  HCON(CH,), mixture. 2. 


The cases where in a binary aqueous solutions water molecules form the solvate 
shell are more often. This is observed for Li’ and Na in H,O + H,O, mixtures, for 
Li’, Na’, Cs”, TI’, Ca^, Mn", and Co?” in HjO + CH,OH mixtures, and for Na’, Cs”, 
Ca^, Co^, and La” in H,O-dioxane mixtures. 3. Sometimes the solvate shell is 
formed by the second component (not H,O). This is precisely the second component 
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that forms the solvate shell of the Na’ and Cs' ions in the H5O + (CH3);SO; mixture, 
and in the H,O + CH4CN mixture the latter forms the shell around Ag’. 


The formation of the solvate shell from solvent molecules is accompanied by a 
considerable energy release 


Ion H* Li Mg Ba* Fe” Fe" AP* 
AH, kJ/mol 1090 514 1900 1590 1920 4370 4660 


The higher the charge of the ion and the shorter its radius, the higher the change 
in the enthalpy during hydration. Hydration is accompanied by a decrease in the 
entropy of the system AS, « 0. The dissolution of ions is accompanied by a change 
in the solution volume. 


On the one hand, the solution volume increases because ions that occupy some 
volume appear, and on the other hand, solvent molecules forming the solvate shell 
are arranged more compactly so the volume occupied by the solvent decreases. As a 
result, the change in the volume upon the dissolution of the ion, AV,.,, can be either 
greater or smaller than zero. The higher the charge of the and the shorter its radius, 
the lower AV. 


On going from water to other polar solvents, the thermodynamic characteristics 
of solvation naturally change. In many cases, when the ion is transferred from an 
aqueous solution into an organic solvent AH = AH, - AH, > 0. 


8.1.2. Ion pairs 


Both isolated ions and ion pairs exist in solutions of electrolytes. The studies of 
the last two decades showed that ion pairs participate actively in reactions involving 
ions. The idea “ion pair" was introduced by N. Bjerrum in 1926 for solvated ions at 
a short distance from each other in a solution. A rich material on ion pairs was accu- 
mulated in sixties-seventies. 


Contact (tight, nonseparated) and solvate-separated ion pairs are distinguished. In 
the contact pair the anion replaces one or several solvent molecules in the solvate 
shell of the cation, so that the cation and anion are nearest neighbors. In the solvate- 
separated ion pair the anion and cation are separated by solvent molecules, that is, 
each anion is surrounded by its solvate shell. 


If the solvent is considered as a structureless medium with the dielectric constant 
£, the difference in the Gibbs solvation energies for the solvated ion pair with the 
charges z, and zg of ions infinitely remote from each other is the following: 


AG sotv.ion 2 AG 501 pair c3 -Lzazge (1 s €)/ (r Atr B) (8.1) 


and the dissociation constant of the ion pair Kap 
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InK,p. = -InK®, + zazge /(ra + rg)RT (8.2) 


where K$, is the dissociation constant of the “uncharged” ion pair. 


Constant K%,, reflects the influence of dispersion forces, including the polariza- 
tion of ions and surrounding molecules. 


Ion pairs exist as stable forms in a certain interval of temperatures and concen- 
trations. The form, whose bond energy is much higher than KT, is stable. At a suffi- 
ciently high temperature the lifetime of the ion pair becomes comparable with the 
time of existence of a particle in the case, and the ion pair as a stable form disappears. 
In the framework of the electrostatic approach, the bond energy in the ion pair, where 
A’ and B' exist at the distance a, equals ZAZpe /d£, and the ion pair exists at temper- 
atures lower than z azpe /aek. For example, for singly charged ions at a = 1 nm and € 
= 80 the ion pair exists at T « 200 K. 


The idea “ion pair” becomes incorrect at a very high ion concentration in the 
solution where the average distance between them becomes comparable with the dis- 
tance between ions in the ion pair. 


The transition from the solvate-separated to contact ion pair is accompanied by a 
change in the electrostatic energy. If in the contact pair the distance between ions is 
equal to r4 + rg, and in the solvate-separated pair it is r4 + rg + Ar, then the transi- 
tion to the contact pair is accompanied by the release of an energy equal to 
zazpe Arle(ry + rpg + Ar\(r, + rg). At ra >> rpg and ra + Ar, this energy becomes 
insignificant. The structure of the ion pair depends on the solvent: only tight ion pairs 
are formed in poorly solvating solvents. 


The rearrangement of the tight pair into the solvate-separated pair is considered 
as a two-stage process: at first a hole is formed between ions due to their thermal 
motion, and then a solvent molecule enters the hole 


AY. Be alB 
A‘ [|B +SAASB 
For the solvation of NaCo(CO), in tetrahydrofuran 
Na'Co(CO),* S 5 Na'SCo(CO), 


AH? = -30 kJ/mol, AS? = -116 kJ/(mol K) and AG? = 5 kJ/mol at T = 300 K and 
AG = -7 kJ/mol at T = 200 K. Ion pairs along with ions participate in various reac- 
tions in solutions. 
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8.1.3. Ionization of molecules in polar solvents 


Molecules with polar bonds undergo complete or partial ionization in polar sol- 
vents. Ionization occurs due to the heterolytic dissociation of the molecule to form 
solvated ions, for example, 


(CH3ACBr — (CH4jC' + Br 


The formation of independently diffusing ions occurs through the stage of con- 
tact and solvate-separated ion pairs 


ABZ ABUELA AS B uQAVBS 


Dissociation very often occurs through the chemical interaction of the substance 
with solvents. Hydroxyl-containing substances dissociate via the intermediate for- 
mation of an associate with the hydrogen bond, for example, 


PhOH + H5O 5 PhOH...OH, 5 PhO’, HO, 


The solvate-separated pair of C;H; and H;O} then dissociates to individual ions. 
In this polymer ionization represents, in essence, the heterolytic abstraction of a pro- 
ton from the phenoxyl group with the simultaneous formation of the H3O" ion, which 
is transformed then into the more stable H;O} ion. Bases (i.e., ammonia), by contrast, 
abstract the proton from water 


NH; + HjO 5 H4N--HOH S NH}, OH. <> 
S NH;, H,O, OH 


The experimentally determined rate constant is evidently the product of the rate 
constant of the limiting step and equilibrium constants of the preceding steps. 
Probably, in many cases, the step in which bond ionization occurs limits the process. 
Rate constants of the dissociation of molecules to ions change in a wide interval 
depending on their structure. This is illustrated by the examples presented below. 


Reaction (in H5O, 298 K) ks! 
H,O > H* + OH 2.310? 
C4H3OH > H+ + C4H,0O 6 
ILS > H` + SH 4.3.10? 
(CH34NOH 2 (CH34N" + OH” 6:10? 
PhCOOH — H* + PhCOO" 2.4-10° 
HF > H°+F 6.7107 


This variation in the dissociation constant values is due to the energy of het- 
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erolytic cleavage of the corresponding bond: the higher this energy, the lower the rate 
constant of dissociation. 


6.1.4. Ion recombination 


Ions in a solution recombine with the diffusion rate constant. For ions with the 
charges z, and zp the potential of their interaction with a medium with the dielectric 
constant € at the distance r is equal to zazpe */er. Therefore, in ion recombination the 
following expression is obtained for the rate constant of diffusional collisions: 


kp = 4nDrzazge (erkT) [exp(zazpe /erkT) - 1]^ (8.3) 


Due to the mutual attraction when reg > rap, the recombination of unlikely 
charged ions occurs very promptly, more promptly than radical recombination. This 
is seen from the data presented below and obtained by the method of temperature 
jump 


Reaction (in H;O) k, l/(mol s) 
H* + SO? > HSO} 10" 
NH; + OH — NH,OH 4-10? 
H’ + OH — H,O 1.5:10!! 
H* + CHCOO' — CHCOOH 5.107? 


As the calculation shows, the recombination of these ions occurs as soon as they 
approach at a distance close to three molecular diameters. 


8.1.5. Isomerization of molecules through ionization stage 


The dissociation of molecules to ions followed by fast ion recombination in the 
ion pair results in isomerization if the molecule contains the double bond. In partic- 
ular, the isomerization of allyl esters accompanied by the migration of the double 
bond occurs in such manner 


R'CH(OCOR)CH-CHR" — R'CH-CHCH(OCOR)R" 


The ester dissociates to the anion of the acid and carbocation, which then recom- 
bines rapidly to form both the initial and new forms of the ester 


R'CH(OCOR)CH = CHR "7+ R CHCHCHR "+ 
*RCO; ——R' CH 2 CH(OCOR JCHR” 


The experimentally observed kexp = kj; (k, + by" For compounds with the 
structure RCOOCH(Ph)CH=CH, in chlorobenzene at 403 K k = 1.3-:10° 6 g! for R = 
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n-NO;C4H,, 23-10" s'! for Ph, and 6.3:10* for CH3. Isomerization is accelerated by 
acid, whose accumulation during experiment due to hydrolysis results in autocataly- 
sis. Taking into account acid catalysis, koxp = 1.3: 10° +2.3-104 [n-NO,C,H,COOH]. 
for the isomerization of NO,CgsH,COOCH(Ph)CH=CH). In more polar solvents 
where ionization is more mild, isomerization occurs more rapidly. The isomerization 
of the ester 


NO,C,H,COOCH(Ph)CH=CHCH, > 


in the solvent containing 70% dioxane and 30% water occurs with AH = 88 kJ/mol 
and AS = 5 J/(mol K). The isomerization of the ester (Y = n-NO,;C,H,COO) 


Y 
H4C H3C 


Y 


in 60% dioxane occurs with AH" = 115 kJ/mol and AS" = -5 J/(mol K), i.e., the acti- 
vation energy is rather high and the activation entropy is close to zero. 


6.2. Mechanisms of heterolytic reactions 


Various organic reactions involving two reactants can be grouped into three large 
groups: reactions of substitution (S), addition (44d), and elimination (E). In the sub- 
stitution reaction the reactant substitutes the atom or group in the molecule of anoth- 
er reactant 


Y+RX—>RY+X 
In the addition reaction two reactants are unified to form one molecule 


XY + AB— XABY 


and in the elimination reaction, by contrast, two molecules are formed from one 
reactant under the action of another reactant Z or on heating 
Z + XABY —^ XY+AB+Z 


In each reaction one bonds are cleaved and others are formed. This cleavage can 
occur either homolytically 
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AB Å +b, R +XY—>RX+Y 
or heterolytically 
AX» A'-X,Y -AXO AY * X 


so that one fragment removes an electron pair and another reactant has the vacant 
orbital and the possibility to accept the electron pair on it with filling at the external 
electron shell. The division of reactants into agents and substrates remained in syn- 
thetic chemistry from the alchemy epoch. It is assumed (conventionally) that the 
agents acts and the substrate is subjected to the action. 


Generalizing the diverse experimental material, Ch. Ingold in 1933-34 introduced 
the division of reactants (agents) into nucleophilic (N), which attack the positively 
charged fragment of the substrate, and electrophilic (E), which attack the molecular 
fragment with an excessive electron density. 


Thus, three types of reactions were divided into reactions of nucleophilic and 
electrophilic substitution, addition, and elimination. The kinetic study showed that 
some reactions involving two reactants occur as bimolecular reactions, whereas oth- 
ers occur as monomolecular reactions with the rate proportional to the substrate con- 
centration and independent of the agent concentration. Thus, all variety of heterolyt- 
ic reactions involving two reactants is divided into the following 10 groups: 


Type of reaction Reactant Molecularity of reaction Designation 
Substitution Nucleophile 1 Syl 
2 Sy2 
Electrophile I Sel 
2 Sp2 
Addition Nucleophile l Adyl 
2 Ady2 
Electrophile 1 Ad; 
2 Adg2 
Designation 1 El 
2 E2 


8.2.1. Nucleophilic substitution 
Alkaline hydrolysis of alkyl halides is an example of reactions of this type 
OH -RX— ROH + X* 
along with the alcoholysis of alkyl halides 
ROH +RX O ROR +X +H" 
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and deamination 


+ 


RN; + HO — ROH +N, +H 


Nucleophilic agents are the anions 
H', HO’, RO, HOO’, RCOO’, HS’, S^, RCOS, ArO, ArS’, S207, NC=C(NH,)S,, 
NH;, RHN, R2N,, O-CNH, O=CNR’, Nj, F, CL, Br, T; 

carbanions 
(RCOXC, (NC4CR, RC(CN)COOR, RCO, (CNCR, (ROOC),CR, ArC(CN)R, 


ArCRCOOR, R,CNO;, RCCN, RCOCR;, R;CCOOR, R;CSOOR, X;C, RNC, 
RSCR;, R;C-CHCR;, ArCR;, RC=C, CN, Ar; 


and neutral molecules 


H,O, HO, ROH, ArOH, NH, NRH, NR, RNHNH; , RCONHNH), PH;, 
(HO),PH, P(OH),. 


Nucleophilic substitution often occurs as the bimolecular reaction Sy2 with the 
rate v = k [AB][Y], where AB is the substrate, Y is the nucleophilic agent, and kz is 
the bimolecular rate constant. Below we present the kinetic parameters for the reac- 
tions XCH; + Y — CH3Y + X (H70, 298 K) 


Reaction k, (mol s) E, kJ/mol logA 
CH;C1+F 1.40:10* 112.4 11.87 
CHjBr + F 3.02:107 105.3 11.96 

CH +F 6.92:10° 105.3 11.32 

CHF +T 2.08-10° 96.4 9.22 
CHCI +T 2.00-10° 83.7 9.98 
CHjBr +T 7.02-10* 763 10.22 

CHy +T 4.85-10* 75.7 9.95 
CHF + OH 5.86107 90.3 9.60 

CH;CI+OH — 6.6710$ 101.5 12.61 
CHjBr-* OH — 14410* 96.1 13.02 
CHI + OH” 6.36:10? 92.9 12.09 


As it is shown by quantum-chemical analysis, the nucleophilic reactant attacks 
the cleaved bond from the rear, so that the likely charged orbitals of the reactant and 
substrate overlap. The frontal attack of the nucleophilic reactant (Fig. 8.1, b) is very 
rare. Moelwyn-Hughes estimated the activation energy of reactions of the CH3X + 
Y type as follows. 


Both the ion and polar molecule are solvated in a solution. In order to be 
approached, they must have vacancies in their solvate shells. An energy is needed for 
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the creation of such a vacancy. The activation energy can be considered as the ener- 
gy of the creation of such vacancies in nucleophile 1 (ion Y-) and reactant 2 (mole- 
cule AB). 





Fig. 8.1. Mechanisms of nucleophilic attack: a, attack from the rear with rev- 
olution of the configuration; and 5, frontal attack with retention of 
the configuration. 


Let the solvation number of reactant | in the standard state be equal to n, and in the 
state necessary for the reaction it is n,*(m, > nj*). The energy necessary for the 
removal of one molecule from the solvate shell of the ion is designated by Es,. This 
energy can be estimated through the desolvation energy of the ion E's: Es, = E’ s(n 
- n;*)n.. For example, for Cl in water E; = 322 kJ/mol, and taking n; = 6, 1,* =5, 
we obtain the term of the activation energy Es, = (1/6)322 = 54 kJ/mol. 


Similarly we accept for the second reactant n5, n?* (n; > n5*) and Es. The sol- 


vation energy of a polar molecule depends on the dipole moments of the reactant ji; 
and solvent ps and the dielectric constant £, they were calculated by the formulas 


Es, = E; (m ~ nj*)n; 
E/ = L[uous(e + 29e] "a 7 (8.4) 
where a = 1.0:10°8 J cm’. 
The calculation using this simple physical model gave a good correspondence 


with experiment: for example, for the reaction of CH3I with Y in H,O the experi- 
mental and calculated E values (kJ/mol) are the following: 


S M F Cr Br T OH 
E etico 105 92 81 76 93 
RC 107 98 87 73 93 


It is most likely that in the nonsolvated form these reactions (if they are exother- 
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mic) can occur without an activation energy. The Sy2 reaction is characterized by the 
following peculiarities. 


1. The reaction rate is proportional to the concentration of each reactant: v — 
kj[RX][ Y]. Rigidly speaking, this is valid for dilute solutions, especially in the cases 
where Y is the anion. Sometimes the reaction order changes from the second to first 
with an increase in the concentration of one of the components. This is observed, in 
particular, when Y and RX form a complex, whose concentration at a high concen- 
tration of one of the components is determined by the amount of the component taken 
in deficient. 


2. In the reaction of the nucleophilic reactant with the optically active molecule 
RX according to the Sy2 mechanism, the configuration is inverted (inversion) 
because the attack of Y at RX is accompanied by the reversion of the tetrahedron of 
the attacked C atom (see Fig. 8.1). This rule was proved for numerous examples 
where nucleophilic substitution was bimolecular and accompanied by optical activi- 
ty inversion. On the other hand, the substitution of the halogen at the carbon atom in 
a molecule with the bridged structure cannot be accompanied by the reversion of the 
tetrahedron. Indeed, the mechanism is not realized in the following RX compounds: 


Cl P 
c ar 
Met OG 
Hy CH — 
I 


3. For nucleophilic substitution in aliphatic compounds, the rate constant decreas- 
es in the series CH4X > C,H;X > R,R;CHX. The decrease in the reactivity is due to 
two effects: the induction influence of the alkyl groups, which decrease the effective 
positive charge at the attacked carbon atom, and steric hindrances of the alkyl groups. 
Both the activation energy and entropy change. Below we present the data illustrat- 
ing the contribution of the induction and steric effects to the activation energy and 
the change AS" (kJ/mol) for the exchange reaction between Br and alkyl bromides 
RBr in acetone 


| an CH; GH; (CHj4CH n-C3H, (CH;);CHCH, (CH;);CCH, 
AB Soe 0 42 8.4 42 42 42 
ee 0 33 6.7 33 9.6 30 
AAS*......... 0 -13 — -171 -19.6 -20.9 -40.1 


It is seen that the S42 reaction is very sensitive to steric effects. 
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4. The solvent, vz., its polarity, can affect substantially the rate (rate constant) of 
the S42 reaction. This depends on the charge distribution in the initial reactants and 
products. The S42 reactions can be divided into three groups. 


A. Ion + Molecule — Molecule + Ion. For example, HO + RCI —> ROH + CT, 
NH; + RS R’ > RNH;' + SR", In these cases, an increase in the solvent polarity 
results in a slight decrease in the reaction rate constant. The decrease is resulted from 
some charge distribution and a decrease in the degree of solvation of reactants in the 
transition state. 


B. Molecule + Molecule — Ion + Ion. For example, H;O + RCI —> ROH; + CI, 
NH; + RBr — RNH; + Br. Since ions are solvated to a much greater extent than 
molecules, in a more polar solvent the reaction is more exothermic, its activation 
energy is lower, and it occurs more rapidly. In this case, an increase in the solvent 
polarity results in a greater increase in the reaction rate constant. For example, for the 
reaction 


(CyHs)3N + CHI 2 (CoHs)4N° +T 


at 373 K in various solvents k (l/(mol s)) are the following: 


CdHs PhCl PhCN PhNO, . (CH45SO 
Exc us 2.2 5.6 25 35 49 
a 4.1 14.0 112 138 1200 


C. Ion + Ion — Molecule + Molecule. For example, 
HO’ + RNR'* => ROH + RN, F + RNR’; — RI + RN 


In this case, the products are solvated to a much less extent than the reactants. The 
transition state is also less polar than the ion-reactants. Therefore, the rate constant 
of such reactions decreases with an increase in the solvent polarity. 


For example, the rate constant of the reaction 
HO’ + (CH;);S° — CHOH + (CH;))S 


changes as follows with an increase in the content of water in a mixture with ethanol 
(373 K). 


96 Onyan 0 20 40 100 
k-10^, (mol s).......... 7240 178 15 0.37 
Specific solvation is of great importance. Aprotic solvents do not virtually solvate 


an ion. This strongly facilitates its attack at the positively charged carbon atom of the 
RX substrate. Therefore, in aprotic solvents nucleophilic substitution occurs espe- 
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cially rapidly. Below we present the relative &; values for the reaction of CF with 
CHI at 298 K in several solvents. 


CH4OH HCONHCH, | NCON(CH,  CH;CON(CHj) 
Kkcuog — 1. 45 1.2-10° 4,4-10° 


In protic solvents the activity of nucleophilic agents depends on the degree of sol- 
vation. The smaller the size of the ion, the higher the latter and changes in the series 
F «CT « Br «T. In aprotic solvents where the solvation of an anion is insignificant, 
the smaller the radius of the halide ion, the more reactive the ion, and the dependence 
is inverse: f < Br «CE « F. 

Ions of neutral salts being introduced into a solution have a slight effect on the 
Sy2 reaction (they slightly accelerate it). Ions formed during the reaction act similar- 
ly. The accumulation of these ions in a solution results in some acceleration of the 
process. 


In addition to the Sy2 mechanism, nucleophilic substitution can occur via the Sy1 
mechanism. This mechanism is multistage and includes the following steps: 


RX— R^4Y, Y +Rt —2 RY 


1. Dissociation to ions usually occurs slowly and recombination is very fast. 
Therefore, at early steps when k.,[X7] << k,[Y], the reaction rate is limited by the 
dissociation of RX and equals v = k,[RX]. In a more general case, 


v = kyk[RXVAK LX] + o[ Y D) (8.5) 


Thus, the first specific feature of the Syl mechanism is that the reaction rate very 
often is independent of the concentration of the nucleophilic agent, and the reaction 
has the first order with respect to the substrate RX. Its rate is determined by the struc- 
ture of RX and reaction conditions. 


2. During the dissociation of RX, the tetrahedral structure of R is transformed into 
the planar structure of the R^ ion. The nucleophile attacks the central C atom of this 
ion from any of two sides with equal probabilities. Therefore, nucleophilic substitu- 
tion via the Syl mechanism is accompanied by the racemization of the optically 
active product. The formation of the partially racemized and partially inverted sub- 
stitution product is often observed experimentally, for example, for the reactions 
C.5H;3(CH3)CHBr + HO (6096 C,H;OH), Ph(CH3)CHCI + CHOH (CHOH), and 
Ph(CH;)CHCI + OH (H20). This is explained by the fact that ion pairs are formed 
and participate in the reaction along with free carbocations 


RXSR,XSR-X,R'-Y ORV,RX«Y >RY+X 
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When Y` reacts with free R^, optically active RX is transformed into racemized 
RY. When Y` attacks the ion pair R*,X in which the agent can approach from one 
side only, the tetrahedron is inverted and the inverted product is formed as in the $42 
mechanism. 


3. Since the reaction for the Sy1 mechanism is limited by the dissociation of RX 
to ions, the lower the dissociation energy, the faster the reaction. Therefore, the reac- 
tivity of RX is determined by the degree of stabilization of the formed R, ion. Since 
alkyl substituents increase the electron density at the carbon atom to which they are 
bound, the reactivity of RX increases in the series CH; < Rorim € Roc < Rej. For 
example, the reaction of RBr with H5O in ethanol containing 2096 water at 328 K 
occurs with the rate constant k, = 2.4-10 s! for R = (CH3)CH and & = 1.0-10? s” 
for R = (CH3)3C. The vinyl group and aromatic substituent in the o-position to the 
attacked C atom facilitate the ionization of RX 


RES (CHj,CCl ^ CH,-CHCH,C|  Ph(CHjCHC|  PhCHCI 
ky (rel.)..... I 4-104 8-104 4-107 


The dissociation of RX is substantially facilitated when bulky substituents are 
linked to the attacked C atom. This is resulted by the fact that in RX the angle 
between the C—C bonds in 109° and the bulky substituents experience repulsion. In 
the R^ carbocation formed by RX dissociation, the charge-bearing C atom has sp 
hybridization, the angles between the C—C bonds are 120°, and as a result, the 
arrangement of the substituents is more free. 


Therefore, the larger the volume of the substituents at the C atoms linked with X, 
the faster the ionization of RX. By contrast, when the formation of the carbocation 
with sp? hybridization is hindered, the rate of the Sy1 reaction is retarded. This situ- 
ation is observed in cyclic compounds RBr, and the greater the rigidity of the carbon 
framework, the slower the reaction (solvolysis of RBr in 80% C,H;OH at 298 K, rel- 
ative rates are presented) 


(CH3);CBr Br 


Br Br 


23 -13 
1 10 0° 10 


4. The ionization of RX occurs more rapidly in more polar solvents. The ionizing 
ability of the solvent is unambiguously related to £ only for aprotic solvents in which 
dependence of the following type (see Chapter 5) is observed: 
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logk = logk, + a(e - I/Qe + 1) (8.6) 


For protic solvents forming hydrogen bonds, £ is not a characteristics of the ion- 
izing ability of the solvent. Therefore, E. Grunwald and S. Winstein proposed to 
characterize this ability by the rate constant of solvolysis of (CH3)3CCl, choosing a 
solution of 20% H,O and 80% C,H.OH as a standard 


log(k/k,) = mY (8.7) 
where Y is the measure of the ionizing ability of the solvent 


HO CHOH C,H,OH 80%C,H,OH CH,COOH CF,COOH 
P NS 349 -1.09  -203 0.00 2.05 4.5 


5. As already mentioned, the first step of the Syl mechanism is reversible 
RX SR'«X ——o RY+X 


therefore, the reaction is naturally retarded according to equation (8.5) when a 
salt containing the X anion is introduced into the solution. Due to the reversibility of 
the first step of the reaction occurred via the Syl mechanism is retarded during the 
reaction, which is experimentally observed from a decrease in the experimentally 
determined kexp (v = kexp[RX]). For example, the hydrolysis of RC} 


(CH4CgH4),CHCI + H2O S (CH3CsH,4),CHOH + Cr + H^ 
in water (298 K) is accompanied by a decrease in &,,, during the reaction 


Conversion, %......... 8 16 38 50 70 
kg lU e esos 8.7 8.3 7.5 73 6.8 


In the absence of perturbing factors, the reaction kinetics should be described by 
the equation (x = [RX]/[RX],) 


v = k [RX -x)(1 + oxy" (8.8) 


Neutral salts facilitate RX ionization affecting it through the ionic strength of the 
solution. For example, 0.1 mol/l LiCl increases the hydrolysis rate of tert-butyl bro- 
mide in 90% acetone (10% water) by 40% (323 K), 0.1 mol/1 LiBr accelerates the 
hydrolysis of benzhydryl chloride in 80% acetone (20% water) by 17% (298 K), and 
0.1 mol/l LiCl accelerates the hydrolysis of benzhydryl bromide, under the same con- 
ditions, by 27%. 


6. The dissociation of alkyl halides to R^ and X is accelerated in the presence of 
metallic silver. Its surface contains Ag” ions, which react with RX to form R^ 


Ag’ +RX —> R* + AgX, R* + H,O > ROH +H’, R* + ROH — ROR + H* 
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Solvolysis catalyzed by Ag’ ions is characterized by the properties of the Syl 
mechanism. First, in reactivity alkyl halides are arranged in the series tert > sec > 
prim. Second, optically active RX are transformed into product-racemates. Third, 
this reaction results in the formation of products, whose structure indicates the inter- 
mediate formation of R* (the rearrangement characteristic of R* is observed). 


Acid catalysis proceeds via the Syl mechanism. For example, the exchange of Cl 
between 1-phenyl-1-chloroethane and radioactive CT in nitromethane is accelerated 
by HCI. The reaction rate is v = k [RCI] + &[RCI][HCI]. The second term corre- 
sponds to the HCl-catalyzed reaction. The transition state R...Cl...H...Cl is observed 
in which the formation of the H...Cl bond favors the cleavage of the R...Cl bond. 


8.2.2. Electrophilic substitution 


Electrophilic agents have a vacant orbital and, hence, possess a high reactivity 
with respect to carbanions, unsaturated and aromatic compounds. Electrophilic 
agents are the cations 


H*, Cl’, Br’, I", NO, HSO;, ArSO%, Ag", Hg”, ArN=N"; 

carbocations 

R;C', RCH-CHCH;, HOCR;, HOCH;CH;, Ar’, HyNCH,CH;, RCO", CIOC"; 
Lewis acids 

BF;, AlCl}, ZnCl; 

and neutral molecules 

Br, ICl, NOCI, CNCI, R;C-O. 


Such long ago known in organic chemistry reactions as nitration, sulfonation, and 
halogenation of aromatic compounds are reactions of electrophilic substitution. 


Quantum-chemical analysis of a bimolecular reaction of an electrophilic agent 
with a substrate shows that the frontier attack of the agent involving the unoccupied 
orbital at the occupies orbital of the substrate is preferential (Fig. 8.2, a). 


Therefore, the geometry of the transition state of electrophilic substitution sub- 
stantially differs from that of nucleophilic substitution (see Fig. 8.1) where the attack 
of the agent occurs “from the rear." The electrophilic agent attacks the -bond of the 
substrate also in a different manner (Fig. 8.2, 5). 


Electrophilic substitution reactions are widely abundant among aromatic com- 
. . B + . 
pounds. The general mechanism of the reaction of the electrophilic agent E^ with the 
aromatic compound ArH can be presented by the following scheme: 
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) 





E< o >o 
a b 
Fig. 8.2. Mechanism of the electrophilic attack: a, at the o-bond; and b, at the 7- 


bond. 


ArH +E* == ArEH*, ArEH* + B—*—>ArE BH 


The reaction rate in the general form looks like 
v = kk {ATHE UBV(Ay + Ao [B]) (8.9) 


Usually k,[B] >> &,, ie., the second step is very fast. The ArEH" complex is very 
labile, and evidences for its formation are usually indirect. However, in some cases, 
this complex was detected and isolated. Below we present the structures of these sta- 
ble complexes 


o HC CH 
HC CH3 


H (CH3)3C. C(CH3) 
Hx CH; 
H 


NR; 


NR; 
Br CH; 


The formation of the o-complex is preceded, likely, in many cases, the formation 
of the m-complex, which occurs almost without an activation energy. Therefore, the 
sequence of transformations in the $42 mechanism can be presented by the multistep 
Scheme 


E* + ArH 55 E'..ArH (t-complex)  EArH™ 


(o-complex) 55 (1-complex) —~ ArE + BH* 


266 Mechanisms of heterolytic reactions 


Among electrophilic substitution reactions, the nitration reactions seems to be 
most completely studied. In this reaction, the nitronium ion, which is formed in a 
mixture of nitric and sulfonic acids, is the attacking agent in this reaction. The nitro- 
nium ion is formed by the equilibrium reactions 


HNO; + 2H)SO, & NO; + HO + 2HSO; 
N50; + 3H;SO, 5 2NO; + H,0° + 3HSO; 
N50, + 3H;SO, *: NO; + NO” + H)O' + 3HSO; 


The formation of the nitronium ion in the presence of sulfuric acid was proved by 
cryoscopic measurements, IR spectroscopy (peaks at 1400 and 1050 cm” appear in 
the spectrum), from analysis of spectra and X-ray patterns of crystalline salts of 
nitronium, such as N O,CIO;, NO;FSO,, and N O,HS;O,, and by electroconductiv- 
ity of nitric acid. In a solution of sulfuric acid the nitration rate is v = 
ky[ ArH][H,SO,], whereas in nitric acid v = k,[ArH][HNO3]. Substituents in the ben- 
zene ring affect the rate of NO} addition to the aromatic ring: substituents increasing 
the electron density in the ring accelerate and those decreasing it retard the addition 
rate 


Substituent H CH; C(CH)4 Cl I! NO,  N(CHj; 
Relative rate 1 24 15 0.033 0.18 6105  1.210° 


In addition, substituents affect the ratio of ortho-, meta-, and para-isomers formed 
during nitration. A substituent can have a positive inductive effect on the system of 
m-electrons, for example, CH; (+/ effect), a negative inductive effect, i.e., ester group 
(-I effect), or a positive conjugation effect, OR group (+K effect). Below we present 
the classification of these effects according to Ingold 


Effect Substituents Effect 
+] CH3CH(CH3)2 ortho-para, activation 
-I COOR meta, deactivation 
S(CH3), meta, deactivation 
-I,+K cl ortho-para, deactivation 
OR ortho-para, activation 
+I, +K Oo ortho-para, activation 


The distribution of partial activities of various positions of the benzene ring in the 
nitration reaction compared to benzene is presented below for toluene and ethyl ben- 
zoate 
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22 42 79-103 — 2.610-3 


5,9 CH, 9-104 OCOC;H; 


The halogenation of aromatic compounds in acidic media or in the presence of 
Lewis acids proceeds via the S;2 mechanism. The following species can be elec- 
trophilic agents in chlorination (arranged in decreasing their activity): Cl’, CIOH;, 
Ch, and CIOH. In nonaqueous solvents, Cl; acts most often as the main agent. In 
aqueous acidic solutions, it is Cl", which is formed from CIOH by the reactions 

CIOH + H,0° $ CIOH; + H,O 
CIOH; — CI" + H,O (slowly) 


8.2.3. Addition reactions 


Addition at the double C=C bond occurs via various mechanisms: ionic, radical, 
or molecular. In this Section we consider briefly the mechanisms of heterolytic addi- 
tion. Electrophilic addition reactions Ad; are widely abundant. Halogens and hydro- 
gen halides often add according to this mechanism. The addition of HX to the n-C=C 
bond in a polar medium where HX is ionized occurs in two steps 


RCH = CH, 4H' RCHCH'", RCHCH, +X —RCHXCH, 


The geometry of interacting electron orbitals for the electrophilic attack of this 
type is presented in Fig. 8.2, b. In aprotic solvents where HX exists predominantly in 
the nondissociated state, this is precisely HX which attacks the double bond 


RCH = CH, -HX >R C HCHX RCHXCH 
Ion pair 


Olefin hydration catalyzed by acids proceeds via the mechanism of electrophilic 
addition. Here carbocations play an important role as intermediates (see Section 
8.2.4). 


The addition of halogens to olefins in polar media proceeds as a heterolytic 
process. In acetic acid and other polar solvents at a low content of X5, the rate 


v = k[RCH-7CH;][ X;] 
The following mechanism is assumed: 


RCH-CH, + Br; 5 RCH=CH)...Br, 
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RCH = CH,Br, 5 RCHCH,Br —RCHBICH,Br 


Halogen addition is characterized by stereospecificity. For example, the addition 
of bromine to acetylenedicarboxylic acid is accompanied by the predominant forma- 
tion of dibromofumaric acid, that is, occurs in the trans-position. Therefore, the for- 
mation of labile cations with the bridged structure is assumed 


R P R 
RCH-CHR * Br; 5 Sac *Br 


H 


The ion of this type was spectrally proved in the case of the reaction of 
adamantylideneadamantane with Br;. The intermediate formation of the cation in 
olefin halogenation is also evidenced by the fact that halide ions accelerate this reac- 
tion. In acetic acid olefin bromination in the presence of Br or CT occurs with the 
rate 


v = RRCH-CH;][Br;]I X ] 
and the following mechanism is proposed: 
RCH=CH, + Br S RCH-CH,...Br; 
RCH-CH,...Br; + X — RCHBrCH,X + Br 


At a sufficiently high concentration of Br», olefin bromination in acetic acid 
occurs as a reaction of the II order with respect to bromine 


v = [RCH-CH;][Br;] 
A similar mechanism is assumed 


RCH-CH,..Br; + Br; > RCHBrCH,Br + Br, 


8.2.4. Abstraction (elimination) reactions 


Abstraction reactions are reverse to addition reactions. Two types of these reac- 
tions are distinguished: monomolecular abstraction E] and bimolecular E2. Orbitals 
in the heterolytic abstraction of X are schematically presented in Fig. 8.3. The 
abstraction of HX from the RCH;CH;X molecule under the action of the B base can 
occur by different ways. First, as a synchronous process (£2) 


B + RCH,CH,X 5 BH + RCH-CH, + X 
v = KRCHCH;X][B] 
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Second, as a stepped process through the intermediate formation of the carbanion 


B` + RCH,CR’>X <2 RCCR'X + BH 
RCCR’,X —5., RCH=CR’, +X 


And in this case, v =~ [RCH,CRA][B ], if k, >> k.,[BH] or k << k, [BH]. In the 
second case, 


v = kqko[ RCH >CR’,X][B V[BH] 


Thus, the limiting step can be determined by the influence of the conjugated acid 
BH on the abstraction process. 


Third, elimination can occur through the formation of the carbocation (ET) simi- 
larly to that as it is observed for Syl 


RCH,CH', Xz-— RCH, CR +X 
RCH;CR',' ^ , RCHCR’, + H' (promptly) 
In this case, 
y = Ae [RCH;CR'X]G [X] + b] 
The following is characteristic of the E2 mechanism occurred in one step. The 
reaction rate v = K[RCH;CR';X][B ]. Since the detachment of a proton and the 


abstraction of the X group occur simultaneously in the elementary act, the reaction 
is characterized by a sufficiently high isotope effect. For example, for the reaction 


B +CH,CH, N(CH,), X — BH+ CH „= CH + X*+ N(CH) 
the ky/kp ratio is equal to 3.9, and for the reaction 
OH’ + PhCH,CH, S(CH,), — H,O+ PhCH = CH „+ S(CH ) , 


ky/kp = 5.9 (H20, 303 K), and for the reaction 
C,H;0° + PhCH;CH;Br — C;H50H + PhCH-CH,; + Br 


ky/kp = 7.1 (CH3OH, 313 K). 


The reaction of the E2 type involving aromatic compounds is very sensitive to 
substituents in the aromatic ring. 
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Fig. 8.3. Arrangement of the interacting orbitals for 
trans- (1) and cis-elimination (2). 


8.2.5. Conventional character of reaction division into 
nucleophilic and electrophilic 


The division of reactions into nucleophilic and electrophilic is conventional, as it 
was mentioned by Ingold. When the heterolytic interaction of two reactants occurs, 
one of them is a donor of an electron pair (nucleophile), and another is an acceptor 
of an electron pair (electrophile). For example, in the reaction 


C;H;0 +RBr-> C;H;OR + Br 


the nucleophilic attack occurs of the C;H;O' ion at the C atom bound to the 
bromine (as it is commonly accepted), and at the same time, the electrophilic attack 
of RBr at the oxygen atom occurs in the ethoxy ion. The division of reactants into 
agents and substrates descends to the epoch of alchemy when the active male origin 
was seen in some reactants, and others (substrates) represented the passive female 
origin. 

There are many examples where the same reactant is considered sometimes as an 
agent and sometimes as a substrate. For example, alkyl halides in reactions of nucle- 
ophilic substitution and abstraction are considered as substrates, whereas in alkyla- 
tion reactions of aromatic compounds they are considered as agents. If both reactants 
are considered as equivalent, we have to speak about electrophilic-nucleophilic, i.e., 
heterolytic reactions, in which one reactant is a nucleophile and another is an elec- 
trophile. 


The situation is similar to that for redox reactions (one reactant is an oxidant and 
another is a reducing agent) or for reaction involving acids and bases. Another 
moment, which is important from the viewpoint of the kinetics, is the following. For 
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the accepted division of reactions, the same group is composed of simple (e.g., $42, 
E2) and complex reactions (Syl, $42, ET), reactions involving starting reactants and 
labile intermediates formed from them, and reactions involving molecules and ions. 


Therefore, reactions of the same group, e.g., Ad, involving olefins and halogens, 
obey different kinetic regularities, behave differently depending on the polarity of the 
solvent and the ionic strength, do not always obey the law of acting masses, exhibit 
anomalies in the temperature dependence, have a complex composition of the final 
products, etc. The same system, depending on the solvent, temperature, and some- 
times the reactant concentration, can be transformed according to this or another 
mechanism or via several directions simultaneously. The competition of different 
directions is considered in the next Section using reactions involving carbocations as 
examples. 


6.3. Reactions of carbocations and carbanions 


8.3.1. Carbocations 


Carbocations are ions with the positively charged carbon atom R;C’, they are 
formed as intermediates in various heterolytic reactions and participate in reactions 
of heterolytic substitution, addition, and decomposition. Carbocations are formed in 
reactions of the following types. 


1. Upon heterolysis at the C—X bond, where X is the residue of a strong acid, for 
example, 


(CH3)(C;H5)C—Br > (CH3),(C;H5)C" + Br 


Heterolysis occurs in polar solvents and when the carbocation is rather stable (see 
below). 


2. Due to the decomposition of protonated alcohol, for example, 


H,0° + (CH3,CHOH 5 H,O + (CH;),CHOH? 
(CH; CHOH; — H20 + (CH3),CH™ 


3. Due to the addition of a proton at the multiple n-C—C bond, for example, 


HA+Ph(CH, )C= CH, e A + Ph( CH) CCH 


4. Upon the decomposition of diazo cations to evolve N; 
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A 
RN: Cl > R +N, +C 
5. By the oxidation of a radical with an ion-oxidant (see below) 
R+Cu* —R* «Cv 


For the detection of stable carbocations, various physicochemical methods are 
used: spectroscopy (aromatic carbocations possess a high extinction coefficient up to 
10? (mol cm)), NMR spectroscopy, and methods of measuring the electroconduc- 
tivity and the number of particles in a solution (cryoscopy). Many carbocations are 
very labile. To prove their formation, “traps” are used, reactants that react very 
promptly with carbocations: N;, tetrahydrothiophene. 


The positively charged carbon atom in the carbocation exists in the state of sp. 
hybridization. It has a planar structure and angles between the C—C bond of 120° 
each if this is not prevented by a bulky substituent. The stability of the carbocation 
depends of its structure. It is higher for ions with substituents with n-C—C bonds 
(vinyl groups, aromatic rings) in the a-position to the charge-bearing C atoms. 
Stability increases in the sequence CH,” < CH,CH-CH;' < CH(CH-CH5);' and C 
H;' < CH4(Ph)' < CHPh,” < Ph;C*. This is related to the interaction of the positive 
charge on C with z-electrons of the multiple C—C bond, which results in the delo- 
calization of the charge and n-electrons stabilizing the cation. The following struc- 
ture is valid for the propylene carbocation: 


b+ ot 
CH= CH-- CH; 


Due to the same reason, substituents with heteroatoms with a lone electron pair 
increase the stability of carbocations 


CH, <CH,OCH, <(CH,), PCH, «(CH ), NCH 


The inductive effect is a reason for an increase in the stability of carbocations 
with an increase in the number of alkyl substituents at the charge-bearing carbon 
atom: CH;” < CH,CH;' < (CHjCH' < (CH;);C’. The degree of stabilization of R^ 
can be judged from a change in the enthalpy in the reaction RH — R' + H. For the 
gas phase the enthalpy AH can be calculated using the strength of the R—H bond 
Dg. the ionization potential Jp of the radical R-, and the electron affinity of the 
hydrogen atom EA = 72.4 kJ/mol 


AH = Dg g * Tg - EA(H) 


Reactions of ions and radical ions 273 


Below we present the values (in kJ/mol) of AAH = AH(CH,) - AH(R’) character- 
izing R^ relatively to CH? in the gas phase (ACH?) = 1216 kJ/mol. 


Rcs CHi . (CHCH? (CHC? (c,H--CH--cH,y  PhCHj 
AAH..... 167 259 331 237 320 


It follows from figures presented above that the influence of the structure on the 
stabilization of the carbocation is very high. For comparison, we can present, e.g., the 
difference in strengths of C—H bonds for R—H, which (relatively to methane) is 
equal to 26 for ethane, 38 for propane (in the CH, group), and 50 kJ/mol for isobu- 
tane (in the tert-C—H group). 


8.3.2. Izomerization of carbocations 


Since carbocations with different carbon skeleton differ strongly in their stabili- 
ty, they are prone to isomerization due to which the most stable of all possible car- 
bocation is formed. The charge on the carbon atom facilitates this isomerization. The 
isomerization of carbocations results in the appearance of products, whose structure 
differs from that which is seemingly pre-determined by the structure of the reactant. 
For example, for n-butanol dehydration, one can expect the formation of butene-1 
but butene-2 is formed. The reason is the isomerization of an intermediate species, 
carbocation 


CH,CH,CH,CH OH—59—, CH CH CH CH OH > 
— CH,CH = CHCH, 
A similar situation is observed for the dehydration of 2-methylbutanol-1 
C,H,CH(CH, )CH,OH—*®*—> C,H,CH(CH,) CH,OH, > 
—do > C,H, CH (CH, )CH, C,H, C(CH,), > 
—r > C,H,C(CH,) =CH, 

The alkylation of aromatic hydrocarbons with alkyl halides RX in the presence of 
AICI, (according to Friedel—Crafts) also proceeds through the intermediate R^ and, 
hence, is accompanied by the isomerization of the carbocation, due to which a mix- 


ture of alkylated aromatic hydrocarbons is formed. For example, in the alkylation of 
benzene with n-propyl chloride (AICI, 255 K) two hydrocarbons are formed 
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CH,CH,CH,CI «AICI, æ AICI, +CH,CH,CH , 


` H 
C,H, + CH,CH, CH, > —; > PhCH,CH,CH, 
CH CHCH; (35 on 30%) 


CH,CH, CH, > CH,CHCH, 


" CH(CH4) 
(CH, ), CH+ C,H, => a PhCH (CH, ), 
H (65 — 7096) 


8.3.3. Competition of reactions involving carbocations 


Carbocations possess a high reactivity and rapidly enter the following reactions: 
abstract a proton to be transformed into olefin, add to a negative ion (R' +X — RX), 
add to a molecule at the heteroatom with a lone electron pair (R + HOR? > 
RR’OH’), add to a molecule with the double bond (R^ + CHj-CHX — RCH, C HX), 
and add to the aromatic ring (R^ + CeHg — RC&H;). Some of these reactions very 
often occur in parallel, due to which the competition of different mechanisms of het- 
erolytic transformation appears. For example, the solvolysis of R(CH;);CCl in 80% 
C3H5OH affords the corresponding alcohol (Sy! mechanism) and olefin (E1 mecha- 
nism)due to the following reactions: 


R (CH, ), CCI—* R(CH),C +C 
R(CH,), C' +H,O@ R(CH,),COH ;- 
— R(CH,), COH *H,0', 
R(CH,), C' > H' + Olefin 


Below we present the rate constants of the first limiting step and % of ions 
R(CH3),C' transformed into olefin (298 K, 80% C,H;OH, 20% H5O). 


Rican CH; CH; (CHCH — (CH44C (CH;hCCH, 
k,106, 94... 9.2 15.3 8.1 11.1 206 
% (C=C)...... 16 34 62 61 65 


The carbocation reacts both in the stable form and in the composition of the ion 
pair. This explains the fact that the counterion (anion) influences on the ratio of 
solvolysis of H+ detachment resulting in the formation of olefin. In the solvolysis of 
C,H,(CH3),CX in 80% C;H,OH (298 K), the fraction of olefin in the reaction prod- 
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ucts is 33% for X = Cl, 26% for X = Br, and 26% for X = I. 


8.3.4. Cationic polymerization 


Cationic polymerization is based on the capability of carbocations and other pos- 
itively charged ions of adding rapidly at double bonds and reacting with heteroatoms 
of organic molecules. Under certain conditions, a stepwise growth of the carbonium 
ion appears in the system, and this results in the formation of a monomer. Vinyl 
monomers and heterocycles containing the heteroatom in the ring are polymerized by 
the cationic mechanism. 


The positively charged ions RC', RO^-CR;, R30", RSS", and RN —CR; lead 
cationic polymerization. In a solution these ions react as either free ions or in the 
composition of ion pairs, both contact and separated. Cationic polymerization 
includes the following stages: 


Initiation Y* + CH,-CHR > YCH,CHR 

Chain growth YCH,CHR + CH;2CHR 5 ~CH,CHRCH,C HR. 

Transfer to monomer ~CH,CHR + CH,=CHR  -CH-CHR + CH;CHR. 

Chain termination CH,CHR +X — ~CH,CHRX. 

Quite various compounds can initiate cationic polymerization. 
L Protic acids, transferring a proton to a monomer, can lead cationic polymer- 
ization 

HX + CH;-CHR > X + CH;CHR 
2. Aprotic acids (BF3, SnCl4, AlCl, SbCI;) are efficient catalysts of cationic 


polymerization. Usually polymerization needs a cocatalysts, and water is used as the 
latter. Initiation occurs as several successive stages, for example, 


BF, * CH;-CHR D CHR 
|| ---- BF; (n- Complex) 
CH, 

RHC = CH,...BF, +H,O > CH,CHR. BF OH 


The cocatalyst is introduced in a small amount because a water excess prevents 
initiation reacting with the ion pair. 


The AICI, + RCI, Al(C,H;)Cl, + RCI, etc. mixtures are widely used for the prepa- 
ration of polyisobutylene and butyl rubber. The reaction of aluminum chloride with 
RCI affords a carbocation, which begins polymerization 
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RCI+AICI, = R* . AICI, 
R* . AICI, +CH, = CHR’ > AICI RCH, CHR’ 
3. Alkyl vinyl ethers are rapidly polymerized under iodine. Initiation includes 


several stages 


1, + CH;-CHOR S ICH;CHIOR, 


ICH,CHIOR +1, £z? ICH CH= ORT. 
ICH,CH = OR + CH, = CHOR — ICH CH(OR)CH CHOR 


4. Polymerization can be initiated by stable carbocations. The triphenylcarboca- 
tion induces the polymerization of alkyl vinyl ethers 


SbCl;.Ph,C' + CH, = CHOR — Ph CCH CH -OR.SbCI 


Cycloheptatrienyl C-H} and aminium (XC,H4)3N’ salts have the same effect. 


5. Radical cations are formed under the action of electrons and y-beams on the 
monomer 


CH, = CHR +y  CH,CHR«e 


Since in a nonpolar medium the carbocation is very active and reacts with the 
monomer much more rapidly than the C atom bearing the free valence, cationic poly- 
merization occurs predominantly. This is facilitated by a low temperature at which 
ion recombination is rather slow. 


Chain propagation during the polymerization of olefinic compounds proceeds 
through the addition of the monomer to the positively charged active site. In a 
monomer medium under y-initiation, chain growth on the carbocations that formed 
occurs very rapidly, as it is seen from the following data (kg is the rate constant of 
chain propagation (growth) in mol s): 


Cyclopentadiene.......... Styrene o-Methylstyrene Isobutyl vinyl ether 
kg. = 6:10? (195 K)...... 3.505 (288) — 4-10° (273) 3:10? (303 


The polarity of the solvent affects chain propagation in cationic polymerization. 
The higher the polarity, the stronger the equilibrium shift toward separated ion pairs 
and free ions and the faster the addition of monomers to these ions. For the poly- 
merization of styrene under HCIO, in CCl4—CICH;CH;CI mixtures with different 
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compositions ką at 298 K depends on £ of the medium as follows: 
ESO Reden 23 5.2 7.0 9.7 
kgr V/(mol s)....... 1.2107 0.40 32 17 


6.3.5. Reactions of carbanions 


The carbaction contains the carbon atom bearing a negative charge: this atom has 
a lone electron pair. The carbanionic center has a planar or a pyramidal structure. For 
example, three C—C bonds in triphenylmethyl carbanion are arranged in one plane, 
and the trypticyl anion has the structure of a trihedral pyramid 


C NA 
LANS 


Carbanions are formed in polar solvents during the dissociation of organometal- 
lic compounds 


RM >R +M” 
and the action of bases on the C—H acid, for example, 


Ph,CH, +B — PhCH + BH’ 


Most frequently carbanions in a solution exist as contact or solvate-separated ion 
pairs. The stability of the R^ carbanion is characterized by pK, = -logK,, where Ka is 
the constant of acid dissociation of RH: K, = [R']|H [RH]. At this dissociation the 
proton adds to the solvent molecule 


RH-S5SR-SH' 


so that K, depends on the solvent, as it is seen from the following data (pK, are given 
in three solvents): 


Solvent Benzene Cyclohexylamine Dimethyl sulfoxide 
9-Phenylfluorene 21 18.5 18.5 
Indene 21 20.0 18.2 


Fluorene 20.5 23.1 22.1 
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(p-PhCgH4),CH; 31 30.2 25.3 
Ph,CH 33 31.5 27.2 
Ph;CH2 35 33.1 28.6 


The higher the degree of charge delocalization, the more stable the carbanion. 
The negative inductive effect also favors its stabilization. 


Carbanions rapidly add protons, which is manifested in the deuteroexchange 
reaction 
RH +B —>R + BH (slowly) 
R * BD — RD +B (rapidly). 


6.3.6. Anionic polymerization 


The high reactivity of carbanions with respect to unsaturated compounds results 
in polymerization. Polymerization occurs under the action of strong bases in aprotic 
media and begins from the addition of R` or NH; to the monomer, for example, 


NH; + PhCH=CH, —— HjNCHCHPh 
The growth of the macrochain occurs in the reaction of the type 


H,NM; + M—*— H, NM M^ 


(M is the monomer), and chain termination occurs due to the chain transfer to the sol- 
vent, e.g., in a medium of ammonia, via the reaction 


H,N(CH,CHPh) CH CHPh« NH ,—— 
H,N(CH,CHPh) CH CH Ph+ NH, 


Under conditions where the KNH, initiator is used, the rates of initiation v; and 
polymerization v,, respectively, are equal to v; = kK'"^[M][KNH;] ^ and v, — 
kK "^k [M] [KNB;]"/&,NH,], where K is attributed to the equilibrium 


KNH, <= K* + NH; 


Anionic polymerization often occurs in the absence of reactions of chain termi- 
nation. Then anionic centers remain unchanged after polymerization, and polymers 
with such centers at the ends of macromolecules are named /iving polymers. These 
polymers are formed when solvents incapable of terminating the growing macroan- 
ions are used, e.g., tetrahydrofuran, dioxane, and 1,2-dimethoxyethane. Both free 
carbanion and ion pair participate in chain propagation. 
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8.4. Ion redox reactions 


An idea to transfer an electron from one ion to another appeared during studying 
the isotope exchange: electron exchange between Mn" and Mn?" was postulated by 
M. Polissar in 1936, Experimental evidence for exchange of this type was obtained 
only in 1950 (MnO; + MnO7 , K. Hornig, H. Zimmermann, W. Libby). Several years 
after an alternative mechanism of electron transfer involving the bridging ligand was 
proposed (W. Libby, 1952, intermediate complex (H;O);FeXFe(OH;);" ), and a year 
later this mechanism was proved for the reaction of Cr with Co(NH3),CÉ* (H. 
Taube, H. Myers, R. Rich, 1953). Soon afterwards, concepts about the extrasphere, 
intrasphere, and bridging mechanisms of electron transfer were formed. 


8.4.1. Binuclear intermediate complex 


As any bimolecular reaction, the redox reaction in a solution includes following 
three stages, each of which can be reversible: 
A +BSA BSABSA+B (8.10) 


If the electron transfer in the A.'B pair is very fast and irreversible, the reaction 
is limited by the frequency of diffusional collisions, which depends on the viscosity 
n, radius r (r4 = rg), and the Coulomb interaction potential, which is determined by 
the sign and value of charges z4 and zg (see Chapter 5) 


kp  (SRT/31)(zAzgs/P)|exp(zAzpgs/r) - p! (8.11) 
where s = (1/4n)e"/ekT. 


As it can be seen from this formula, the role of the Coulomb interaction between 
ions is very important. The following (calculated) data illustrate this (r = 0.4 nm, 
H,O, 298 K): 


ZAZB +9 +4 +] 0 -1 -4 -9 
logkp, l/(mol s) 4.3 7.8 9.5 10 10.4 40.9 11.3 


Below we present some examples for these reactions (H20, 298 K) 


+ 


A Co(H,0)3* Co(NH4&CP* MnO; Fe(phenj* 
B' (B) B cr* ca MnO? 
kp, mols) 710 6:10? 2-10" 110" 


Many such electron transfer reactions proceed slowly through a labile intermedi- 
ate complex 


At +B- A ‘Boe AB 
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In this case (see Chapter 7), kexp = kK(1 + K[A'B']). 


Some reactions of this type are exemplified below. 


A'(A)) Fe(CN)? Ce“ Ru(NH,4,CP* —Co(NH;);H,0** 
B'(B)  Co(EDTA) rc Cr” Fe(CN) 

K, V/mol 710? 240? 70 1.5.10 
ka S” 6:10? 60 4.6:10? 0.2 


This labile formation can be (1) an ion pair as, e.g., in the reaction of 
Co(NH4J4H,0^* with Fe(CN); ; (2) a chelate complex as in the reaction of 
Co(NH;);LH2* with Fe?” when the (NH;),CoLFe?* complex is formed (L^ = 
N(CH,COO); ; and (3) a complex with the common bridging ligand, e.g., 
(CN)FeCNCo(EDTAy". In these labile formations, the electron transfer can proceed 
as extrasphere, for example, in the reactions Co" + Cr, eos We CoCl* + ys, 
and Cr” + co" (imidazole). Various mechanisms of intrasphere transfer are also 
known, namely: (1) through the monoatomic bridging ligand in the complexes 
cr'ciir', Ce"OHCr", col gy! and V'OHCr"; (2) through the ligand consisting 
of several atoms, e.g., in the complexes Co (sCN)V!!, Co (SCN)Ct!, and 
Co" (NC)Fe'"; and (3) through the polyatomic ligand, for example, 


Oo 
e 


(4) through the double “bridge,” for example, 


p (OH). P N3 
CH oe and Crk. Cr! 
NCS Nj 


The electron transfer with the simultaneous transfer of the bridging group is also 
abundant, for example, 


(NH4J4RuCE" + Cr’* 5 (NH;);RuH,07* + CrCP* 
(NH3);CoBr* + Co(CN)” — Co? + 5NH; + Co(CN); Br” 
8.4.2. Theoretical models of reaction of electron transfer (ET) 


Electron transfer is one of ubiquitous and fundamental phenomena in chemistry, 
physics and biology .Nonradiative and radiative ET is found to be a key elementary 
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step of many important processes in isolated molecules and super molecules, ions 
and excess electrons in solution, condensed phase, surfaces and interfases, electro- 
chemical systems and biology. 


As a light microscopic particle, electron easily tunnels through a potential barri- 
er, therefore, the process is governed by general tunneling law formulated by Gamov. 
The principle theoretical cornstone for condenced-phase ET was laid by Franck and 
Libby (1949-1952) who asserted that the Frank-Condon principle is applicable not 
only to the vertical radiative processes but also to nonradiative horizontal electron 
transfer. 


Next decisive step in the ET in solution was done by Marcus, Zwolinski, Eyring 
and Weiss (1954) and then by Marcus (1956-1960). These authors formulated the 
need for readjustment of the coordination shells of reactants in self-exchange reac- 
tions and of the surrounding solvent to the electron transfer. They showed also that 
the electronic interaction of the reactants give rise to the splitting at the intersection 
of the potential surfaces, which leads to decrease of activation energy (Fig. 8.4). 


Let us now consider the situation involving the transition of a system from one 
state to another using the concept of energy terms. With a certain value of the coor- 
dinate S, the energy of the initial (7) and final (f) states is the same and the low of 
energy conversation allows to the term-term transition (Fig. 8.4). In the general case, 
the probability of the transition in the crossing area is described by the Landau-Zener 
equation 8.12. The theory predicted a key role of the electronic interaction, which is 
quantitatively characterized by the value of resonance integral V. If this value is suf- 
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Fig. 8.4 Variation in the energy of the system along the reaction coordinate: (a) 


diabatic terms of the reactant (Eg) and products (Ep), the resonance 
integral V = Hap = 0; (b) nonadiabatic terms, Hag is small; (c) adia- 
batic terms HAB is large. 
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ficiently high, the terms are split with a decreasing activation barrier and the process 
occurs adiabatically. In another non-adiabatic extreme, where the interaction in the 
region of the coordinate Qtr is close to zero, the terms practically do not split, and 
the probability of transition i — fis very low. 


According to the Marcus model, the distortion of the reactants, products and sol- 
vent from their equilibrium configuration are described by identical parabolas shift- 
ed related to each other according the value of the process driving force, standard 
Gibbs free energy AG, (Fig. 8.5). In the frame of adiabatic regime (strong electron 
coupling, the resonance integral V > 200 cm’), the value of the electron transfer rate 
constant 


ker = (hv/kT)exp-[(1 + AG,Y/4AKT] (8.12) 


where A is the reorganization energy defined as energy for the vertical electron trans- 
fer without replacement of the nuclear frame. The formula 8.12 predicted the log ker 
- AG, relationships depending on the relative magnitudes of A and AG, (Fig.X): (1) 
À > AG,, when log k increases if AG, decreases (normal Marcus region); (2) A = AG,, 
the reaction becomes barrierless; and (3) A < AG,, when log k decreases with increas- 
ing driving force. 


The theory of non-adia- 
batic electron transfer was 
developed by  Levich, 
Dogonadze and Kuznetsov 
(1959-1966). These 
authors, utilizing Landau- 
Zener theory for the inter- 
section area crossing, pro- 
posed a formula for non- 
adiabatic ET 


logkey = 
QnV?/hy(AnAkT) exp [- 
(1+ AG,P/AXKT] — (8.13) 


Involving of inramolec- 
ular high-frequency vibra- 
tional modes in electron 
transfer was considered by 
Jorntner, Bixon and Efrima 





Fig. 8.5 The free energy of initial (i) and final (f) terms as a function of gener- 
alized classical coordinates. GO and are the Gibbs and reorganization 
energy respectively (the Marcus model) 


Reactions of ions and radical icons 283 


logk, 





-AG? € -AG? =À -AG° >À 
Fig. 8.6 Variation of the logarithm of the rate constant of electron transfer with 
the driving force for the reaction after Markus. Three AG, regions are 
indicated: normal (-AG, < 2); activationless (- AG, = A); and inverted 
(- AG, > À). The dashed line is fora bimolecular reaction (kai) under 
diffusion control in the maximum region; the solid line is for a unimol- 
ecular reaction (kyni). 


(1974-1976) and Hopefield and Chernavsky (1974). As an example, when the high- 
frequency mode (Av,) is in the low-temperature limit and solvent dynamic behavior 
can be treated classically (Jortner, Ulstrup), the rate constant for non-adiabatic ET is 
given by 


ker = EQnF,V^/h) (AKTyexp- [(jhvy + A, + AG) /4AKT] (8.14) 


where j is the number of high-frequency modes, F; = € Sir, S = A/hv; X, and Is are the reor- 
ganization energy inside of the molecular and solvent , respectively. 


Involvement of the high-frequency modes can cause strong deviation from the 
Marcus equation (8.12). The inverted Marcus region can not be experimentally 
observed if the stabilization of the first electron transfer product for account of the 
high-frequency vibrational mode occurs faster then the equilibrium of the solvent 
polarization with the momentary charge distribution is established. Another source 
of the deviation is non-parabolic shape of the activation barrier. 


When ET occurs faster then the medium relaxation, the process is governed by 
the medium dynamics with the medium relaxation time ts. In such a case the pre- 
exponential factor in non-adiabatic equation is described by formula 
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ko = Vt (GA3kT)'" (8.15) 


and the ET rate constant becomes independent of the electronic coupling. 


8.4.3. Noncomplementary reactions 


Above we considered the reactions with one-electron transfer. In the general case, 
the redox reaction can be written in the following stoichiometric form: 


mA" * 1B — mA ^ nB"* 


In the framework of this stoichiometric approach, reactions with electron transfer 
are divided into complementary when m = n and noncomplementary when m + n (J. 
Halpern, 1961). Among the latter, the cases where m = 1, n = 2 are widely abundant. 
These reactions occur in two stages. The following mechanism is most frequent: 


A" +B A*+B' A*+B—2 A+B (8.16) 


according to which the reaction rate 
v = llo A BI GG [B] + kB" (8.17) 


The electron transfer occurs via this mechanism in the following schemes (the 
limiting stage is indicated in parentheses): TH + vli (1), TI! + Fe” (1 and 2), TH 
+ V (1), TI + Fe (phenanthroline (1), TI + Mn" (2), TI + Co" (1 or 2), Mn"! 
+ VY (1), and Sn" + re" (2). 


Bivalent mercury is reduced to metallic mercury through an intermediate form of 
the binuclear ion (Hg, in which mercury is formally monovalent, followed by the 
reversible decomposition of H to Hg^ and Hg 


2Hg" «2B Hg?" «2B Hg'z2 Hg **+Hg! 


The first stage is limiting, so that the reaction rate v = kHg^" [B]. The reactions 
of Hg” with V”, Cr! and Fe" occur in such a way. The oxidation of monovalent mer- 
cury occurs in several stages of which the first stage limits the whole process 

B'+Hg) > B+Hg;' 
Hg! — Hg" +Hg' (quickly) 
B++Hg' > B+Hg" (quickly) 


The Cel, Ag", Fe(phenanthroline)"*, Ru(bipyridyl)*”, and IrClg" ions oxidize 
monovalent mercury in such a way. 
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6.4.4. Photochemical reactions with electron transfer 


An electron can be transferred from an ion to an ion photochemically, under the 
action of a photon 


(^ B). md B ) solv 


where index “solv” designates the ligand environment of both ions including the 
bridging ligand and solvate shell. 


The jump of an electron occurs so rapidly that the ligand environment and sol- 
vate shell remain the same as they were in the initial state (Franck—Condon princi- 
ple). Therefore, for the new A.B” state the environment is designated as (A.B^); 
because it must further relax. 


solv 


Quantum-chemical consideration of the one-electron transition in the binuclear 
formation A*.B in the framework of the LCAO method gives the following picture. 
The energies of the main E, and excited E. states depend on AE = E; - Es where E; 
refers to the initial A'.B complex, and E, refers to A. B', and on the resonance inte- 
gral 


8- fw Hydr (8.18) 


where y; and wyare the wave functions of the A’ Band A.B’ states, H is Hamiltonian, and dt 
is the infinitely’ small spatial volume. 


If B << AE, the simple expressions are obtained for E, and E 
E, = E; - DAE, E. = Ey+ B'/AE (8.19) 


The transition from the ground to excited states occurs upon light absorption, so 
that hv = E, - E,. If the complex is symmetrical, i.e., A and B are identical, then hv 
= A’, where A’ is the energy of rearrangement of the ligand sphere. If A differs from 
B, then at very low f the energy of transition AG, from the state (A. B), to 
(A.B )coty is AG, = Lhv = AE + A’. On the other hand, the thermal electron transition 
occurs with the activation Gibbs energy AG” = 1/4A’ (1 + AE/A’), and AG” and AG, 
are related by the relationship 


AG” = AG2/4(AG,, - AE) (8.20) 


The energies of transition to the excited state are rather high. Below we present 
the AG, values obtained from spectral data for several ruthenium complexes 


cr Br r NCS" $20; 
AG, kJ/mol......................... 407 370 298 369 297 
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The following expression was obtained for the ratio of the absorption intensity / 
and the light frequency (N. Hash, 1957): 


IN = (Loss V sa)eXpI Uta - AV) /44' kT] (8.21) 


from which the relationship between AE, = A(Vmax - Vin) and A’ follows: AE} = 
4(In2) ^ (4T), where viz is the light frequency at which [Vmax = 1/2maxV1/2- 

The absorption intensity is proportional to the square of the dipole moment of the 
complex u = GeRap, where a is the coefficient reflecting the degree of asymmetry of 
the electron density. Below we present Vx, Rap, and a? for several binuclear com- 
plexes 


Complex v, cm? Rag 1079, m o? 
Ti". cri" 2.04 5.0 44:10* 
SbVCI; ..SbCI 1.18 7] 4.0:10* 
Fe! | Ee'(CN),0S(CH;), 1.61 5.1 6.010? 
TI ...Fe (CN), 2 z 1.610? 


8.5. Redox reactions of ions with molecules 


The oxidation of molecules with inorganic oxidants, such as potassium perman- 
ganate, chromic acid, and selenium dioxide, has long ago and widely been used in 
organic synthesis as methods for the selective oxidation of oxygen-containing com- 
pounds. Redox reactions of ions with variable valence with various oxygen-contain- 
ing compounds as intermediate stages of various catalytic oxidation processes were 
studied in the 1950-60s. 


8.5.1. Oxidation of oxygen-containing compounds 


The oxidation of alcohols with metal ions in aqueous solutions was studied in 
detail. Alcohol enters into the inner coordination sphere of the oxidation where the 
electron transfer from the alcohol to the ion occurs 


HR'OH + Co £—— HR'OH...Co** ——H * « ROH...Co ? 


Due to the acid-base equilibrium, 
Co; = CoOH**+ H+ 


(-D* 


both forms participate in oxidation: Me™ and MeOH”, and the effective rate con- 
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stant | depends on the concentration of hydrogen ions according to the type k = a + 
b/[H ]. 


Pentavalent vanadium in an aqueous solution exists in two forms 
2* 
VO; + HO! z2 V(OH), 


therefore, the experimentally measured rate constant is referred to either VO7 (1) or 
V(OH)?* (form 2), depending on the pH, and in the general form it can be written as 
korp = Kiki + Kol K, .[H30"]. Below kexp Of the oxidation of several alcohols in water 
at [HCIO,] = 1M and 323 K are presented (J. Jones, W. Waters, 1962) 


n- CHOH (CH,}CHOH cyclo- Cel OH CH=CHCH,OH HOGESCIGCIDOH 
2.3.10? 7.6.1095 2.4.10? 7.010% 1.0-10? 


Co" oxidizes alcohols much more rapidly (H20, 288 K, [HCIO,] = 1.57 M, k in 
V/(mol s); D. Hoare, W. Waters, 1964) 


CH;0H C,H;OH (CH3),CHOH C;H;CH(CH3)OH cyclo-CgH,,OH (CH3);COH 
0.12 0.28 0.37 0.11 0.05 0.03 


For isopropanol kexp = 1.0-:107 exp(-124/RT) l/(mol s) (the conditions are the 
same). Naturally, in nonaqueous solutions oxidation occurs more slowly. For exam- 
ple, cobalt acetylacetonate in a chlorobenzene solution oxidizes alcohols via the 
bimolecular reactions with the following constants (393 K, E. Denisov, V. 
Solyanikov, V. Martem'yanov, 1966): 


(CH;),CHOH . »-C4H40H cyclo-C6H,,OH C,H,0H 
k 7 6.8:107 2.1107 4.8104 1.510? 
E=130 165 130 138 


Note that oxidation in aqueous and nonaqueous media occurs with close activa- 
tion energies (cf. 124 and 130 kJ/mol for isopropanol) but with different activation 
entropies (AS" = 168 J/(mol K) and AS* = 0). Cerium ions actively oxidize alcohols. 
The oxidation rate in strongly acidic solutions i is v = KK(1 + K[ROH]) TROH][Ce]™. 
At a low concentration of H3O', the CeOH** ion also manifests itself as an oxidant. 
The & values in l/(mol s) and K values in l/mol for alcohol oxidation in H,O at 293 
K and HCIO, = 1 M (S. Muhammad, K. Rao, 1963) are presented below 


CHOH CHOH — oyclo-CgHOH CH;CH(OH)CH(OH)CH, 
k-4440* 6710? 22:10 3.010? 
K=23 43 2.9 24 


As it can be seen, the association constant is much higher for the polyatomic 
alcohol, which can form chelate complexes. 


288 Redox reactions of ions with molecules 


The oxidation of carbonyl compounds resembles in their regularities the oxida- 
tion of alcohols. For example, diethyl ketone is oxidized by Co” ina reaction of the 
second order with the pH-dependent constant: kexp = 3-10" (1 + 13. 8[H;0 ] ‘(mol 
s) at 293 K. The dependence of kexp on [H;0"] is vexplaingd by the equilibrium 


Co**(H,0), s Co" (H,0),0H + H° 


and the high activity of the CoOH"* ion as an oxidant. It is assumed that an electron 
is transferred to Co" from the m-bond of the carbonyl group; the formed radical 
cation dissociates to the ethyl radical and the C,H;C=O cation, which is transformed 
into propionic acid in the reaction with H,O. 


8.5.2. Reactions of variable-valence ions with peroxides 


Redox reactions of heavy metal ions with peroxides and hydroperoxides in which 
free radicals are generated are widely used for the initiation of chain polymerization 
and oxidation reactions. The H,O, + Fe? system known as “Fenton’s reagent" has 
long ago been used for the hydroxylation and oxidative dimerization of organic com- 
pounds. These reactions occur during the catalytic decomposition of peroxides and 
in complicated processes of catalytic oxidation. 


Hydrogen peroxide can also act as an oxidant accepting an electron: H,O, + € Bu 
HO: + HO’, and as a reducing agent donating an electron: HO, - € — HO, + H’. 
Therefore, H;O; reacts with both ion-oxidants and ion-reducing agents. The redox 
reaction is preceded by the incorporation of H,O; into the inner ‘coordination sphere 
where an electron overjumps, for example, H2O; reacts with Fe^ as follows: 


H,O, + Fe” S$ FOOH” + H*, K = 2.10? (298 K) 
FeOOH?* — Fe?* + HO», k = 3.2:10'exp(-92/RT)e" 


H20; is similarly reduced 


H,O; + Fe?* S Fe”*...H,0, > FeOH” + HO 


The constant kexp = KK =1.5-10’exp(-30.5/RT) = 68 l/(mol s) (T = 298 K, H)0). 
The rate constants k (l/(mol s)) for several ion-oxidants and ion-reducing agents 
(H50, 298 K) are presented below. 


Ti” Mn** Cu Ce* Cr,0? MnO} 
5.010? 67.2:10° 7.310 8.6107 1930 30130 


Hydroperoxides are reduced similarly, for example, 


Fe** + ROOH 5 Fe"... HOOR — FeOH” + RO 
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In an aqueous solution for (CH3,COOH kexp = kK = 2:10°exp(-41/R7) = 13 
l/(mol s) (298 K). 


The rate constant weakly depends on the structure of the hydrocarbon residue : 
for example, for cumyl hydroperoxide it is equal to 16.6 l/(mol s) (298 K). 


Acyl peroxides are reduced similarly, for example, 


PhCOOOOCPh + Fe?* — PhCO, 4 Fe?* +PhCO; 


The constant kexp = 2.2: 10" exp(- 59.4/RT) = 12 V(mol s) (303 K, CoHsOH). The 
reduction of (CH;);COOH by Co?" ions in acetic acid involves both the mononuclear 
and binuclear cobalt complexes, so that kexp = (7.3-10" 5.6110 *[Co?*) l/(mol s) at 
308 K in CH;COOH : HO = 1 : 1. The decomposition of ROOH in the binuclear 
complex occurs homolytically, as in the mononuclear complex, which is evidenced 
by the formation of acetone, the decomposition product of the tert-butoxyl radical. 


8.6. Redox reactions of ions with atoms and radicals 


These reactions occur in various catalytic and chain processes involving variable- 
valence ions, such as the catalytic decomposition of peroxides, oxidation of hydro- 
carbons, and radical polymerization of vinylic compounds (see Chapters 10, 12, 15). 
A free radical has an unpaired electron and can oxidize an ion-reducing agent, for 
example, 


HÒ 4 Fe” — HO” + Fe** 
or reduce an ion-oxidant, for example, 
R+Cu* — R*+Cu* 

Mechanisms of these reactions are various. In one case, the radical and the ion are 
brought together, and an electron jumps from the oxidant to the reducing agent. In 
another case, the radical replaces a ligand in the inner coordination sphere of the 
complex where the electron transfer occurs. In the third case, the radical reacts with 
the ligand followed by the rearrangement of the electronic structure of the complex. 


The rate constants of such reactions change in the 10? . | V/(mol s), depending on 
the reactants and conditions. 


8.6.1. Hydrogen atom 


In reactions with ion-oxidants, atomic hydrogen acts as an active reducing agent. 


290 Redox reactions of ions with atoms and radicals 
Reduction proceeds through either the electron transfer, as in the case of Co! 
H+ Co(NH, j* > H' *Co(NH, 7 


or through the addition to the ligand followed by the electron transfer to the metal, 
as in the case of Fe(OH)” 


H + (H)0Fe(OH)* > (H50)Fe'(0H;)* 
nti: 


The rate constant of the reaction of hydrogen with M™ is almost independent of 
the redox potential of the ion E, (H20, 298 K) 


2+ - * * 

Ion Cu Fe(CN} Fe? Fg? 

E,, kJ/mol 17 35 74 77 
k, (mols) X 59-10? 4.0-10? 22:10? 1.0-10'° 


The ligand environment affects the mechanism of electron transfer and noticeably 
influences on the rate constant of the hydrogen atom with the Fe" and Co" com- 


plexes (H5O, 298 K, method of competing reactions) 

Ion Fe? FeOQH2+ FeCl2+ FeCIl; Fe(CN) 

k,l(mols) 9.5-10" 7.610? 4.5.10? 8.9.10? 4.0-10° 
Co(NH;)L** + H > Co(NH3)sL + H 

L NH, HO OH F Cr Br r 

k,V(mols) 19405 453405 3.1107 11105 7.210" 46105 3.310 


It is likely that the hydrogen atom first reacts with anion-oxidants in the addition 
reaction followed by the rearrangement of the electron configuration and the disso- 
ciation of the acid that formed, e.g., (H;O, 298 K, method of competing reactions) 


H+MnO; > MnO,OH” > HMnO;z2 MnO, +H 


Anion NO; NO; BrO; MnO; CnOj; IO; 
k, V(mol s) 13405 24107 210’ 240? 240" 6107 
In reactions with ion-reducing agents, the hydrogen atom reacts as an oxidant. It 


oxidizes, for example, I to I, Fe^ to Fe". The following mechanism was proposed 
for the last reaction: 


Fe” +H FeH?; FeH” +H * Fe °*+H, 
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The experimentally observed rate constant is kexp = 2:10’ I/(mol s) (H,O, pH 2, 
298 K, method of competing reactions). The different mechanism was proposed for 
the oxidation of the iodide ion, where the H7 radical ion plays an important role 


H+H} @ Hy, H; +17 ——H,- 211, 
The constant is k; = 10° [/(mol s) (H5O, 298 K). 


8.6.2. Oxidation of alkyl radicals 


Alkyl radicals are oxidized by ion-oxidants to olefins and alcohols or esters. In 
many cases, carbocations are formed as intermediates, which proves the composition 
of the oxidation products. The oxidation of the neopentyl radical with copper acetate 
in acetic acid results in the formation of isomeric 2-methylbutenes and fert-amyl 
acetate, which agrees with reactions involving intermediate carbocations 


(CH,),CCH, + Cu — (CH ),CCH 3+ Cu * 
(CH, ),CCH’ + CH ,COOH > (CH ) (CH OCOCH + H 
(CH,),CCH; > (CH ),CCH CH , 
(CH,), CCH,CH, > CH,= C(CH )CH £H + H 
(CH,), CCH,CH, > (CH ) C= CHCH + H 


The formation of the intermediate carbocation is convincingly proved by the 
transformation of 1,1-dimethylcyclohexadiene into o-xylene in the presence of per- 
oxide (the source of radicals) and copper ions 


CH; CH3 CH; 
Co? 
© = E ccs 
CH; . CH3 CH3 
H 
E cuu a 
d CH; CH; 


The f-anisylethyl radical is oxidized with copper acetate in acetic acid predomi- 
nantly to B-anisylethyl acetate. It is remarkable that radicals labeled with deuterium 
only in the a- and only in the B-position give the same mixture of deuterated acetates. 
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This also indicates the intermediate formation of the carbocation. 


For the oxidation of various alkyl radicals with copper ions in aqueous solutions, 
the more stable the carbocation that formed, the higher the ratio of the alcohol to 
olefin 


SNNT TRO CoHs sec-C4Hy tert-C4Hy CH,=CHCH, 
[Alcohol]/[Olefin]... 0.81 3.4 9.1 Only alcohol 


The rate constants of the reactions of alkyl radicals with Cr" in a mixture of ace- 
tonitrile and acetic acid were measured by the method of competing reactions. At 330 
K in the mixture CH;CN : CH;COOH = 1 : 1.5, they are the following: 


Regios Bet CH;CHCH, (CH;5CH  (CH3)3C . PhCH;C 
k, V(mol s) 3.1106 5.0-10° 4.5.10 1.6.10 


In many cases, as J. Kochi showed, the ratio between the olefin to alcohol (ester) 
formed from R- depends on the ligand environment of copper. Therefore, in these 
cases, the formation of an intermediate species (complex) is assumed, and this 
species undergoes further transformations 

R+Cu" (OAc), £2 RCu(OAc), 
RCu(OAc), — olefin + Cu OAc + AcOH 
RCu(OAc), — [R' Cu (OAc) ,]  ROAc *CuOAc 


Alkyl radicals react with copper derivatives predominantly in elimination reac- 
tions 


R+CuX, > RX +CuX 


The reaction occurs very rapidly. For example, the cyclopropylmethyl radical 
reacts with CuCl, with k = 1.1-10? l/(mol s) and with CuBr, with k = 4.3:10° l/(mol 
s) (298 K, solvent CH4CN). However, the electron transfer reaction to form the car- 
bocation occurs to a low extent in parallel. This is indicated by the oxidation prod- 
ucts of the cyclopropylmethyl radical with CuCl, 


Product......... CH;-CHCH;CH;CI cyclo-C4H4Cl — cyclo-C4H3CH;CI 
Yield, 96........ 9 2 89 


The first two products are formed in the reactions 
R— G Rt > isomeric R'—9*—, R, X+ CuX 


Thus, the oxidation of the alkyl radical with the metal ion proceeds as either the 


Reactions of ions and radical ions 293 


extrasphere electron transfer to form the free R^, or the intrasphere transfer to form 
R: in the ligand sphere of copper followed by its subsequent transformation, or as the 
reaction of R- with the ligand (detachment or addition). In several cases, these mech- 
anisms compete. 


Alkyl radicals are reduced by such ions as Fe?*, Ti^*, and Cr” to hydrocarbons 
in proton-donating solvents 


RM" >R°+M"*,R°+H,O—RH+OH 


The formation of the carbanion in the free or metal-bound form is proved by 
experiments on the reduction of methyl radicals with the Ti”, yer and Cr” ions. In 
heavy water (D20), the methyl radicals are reduced to CH;D in the reactions 


CH, - M* 2 CH; +M**, CH; +D,0 >CH,D «OD 
The stronger the reducing agent, the higher the experimentally measured 


[CH3D]/[CH;] ratio (CH, is formed in the reaction of ‘CH; with RH, E, is the redox 
potential) 


lót ensi Cr” ye Ti" Fe** 
E, kJ/mol -39.3 -24.6 E 743 
[CHjDV[CH4] 0.22 0.09 0.031 4.8104 


In reduction with chromium, it is assumed that the radical enters into the inner 
coordination sphere 


R+Cr* > RCr’*, RC? * +H,O RH «Cr! *+HO 


The reaction is very fast. For example, for the w-hexenyl radical k = 4-107 l/(mol 
s) (298 K, H,O). Chains of radical polymerization terminate on the ion-reducing 
agents due to reduction. Below we present k for chain termination on the ions for the 
polymerization of acrylamide in aqueous solutions (298 K) 


TOR ies sane Ti” ya cr” Eu TE 
logk, l/(mol s)...... 2.76 5.04 5.45 4.92 1.53 


Often radicals are not reduced with ions but form complexes with them, which 
changes the composition of the transformation products of the radicals. For example, 
the presence of ions increases the yield of ethane, which is formed during the decom- 
position of tert-butyl hydroperoxide due to the recombination of the methyl radicals. 


Peroxyl radicals rather rapidly oxidize ion-reducing agents in both polar and 
hydrocarbon media 
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RO, + M" — RO; « M" RO; HX — ROOH +X 


The reaction with chelate complexes proceeds, most likely, as the extrasphere 
electron transfer. 


The HO» radical can act as an oxidant in reactions with the ion-reducing agent 
HO, +M" = HO, +M"* 


The rate constants (1/(mol s)) measured by pulse radiolysis for the reactions of 
both types in aqueous solutions at 298 K are presented below. 


lon......... Fe” Cut Br; Br CNS’ 
| as 7.2:10° 4.3-10° 3.8.10? 1-108 1.610? 
Ion......... Fe’ Cu? MnO; Br, 

Kei 3.310? 1.5107 8-10° 1.5.10? 


It is seen from these data that the HO»: radicals are very active as both oxidants 
and reducing agents. Peroxyl radicals formed in the oxidation of alcohols and aro- 
matic amines possess the same reactivity, which forms a basis for the catalytic mech- 
anism of chain termination in chain reactions of the oxidation of these compounds 
(see Chapter 11). 


8.7. Reactions of radical anions 


A radical anion is formed due to the addition of an electron to a molecule. It is 
rather stable if the molecule possesses a positive electron affinity (ZA). These com- 
pounds are aromatic hydrocarbons, ketones, and aldehydes 


ArH Naphthalene ^ Phenanthrene — Antracene Pyrene — Stylbene 
EA, kJ/mol 14.7 29.7 53.3 55.9 128 
ArH Acetophenone Benzaldehyde 1-Naphthaldehyde 2-Naphthaldehyde 
EA, kJ/mol 32.2 40.5 59.8 71.9 


Radical anions are generated by the electrolysis method, in the addition of the sol- 
vated electron to the molecule, in the reaction of the anion with the molecule, for 
example, 
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ArH + ArH — ArH + ArH” 


and in the reaction of the molecule with the alkaline metal ion, for example, 


Na+ PhCH = CHPh — Na’ +PhCH =CHPlY 


Radical anions of aromatic compounds are rather stable due to charge delocal- 
ization over the system of m-bonds. The distribution of the spin density on radical 
anions was studied by ESR and NMR. The reaction between an alkaline metal and 
an aromatic hydrocarbon is reversible, and the electron transfer from the metal atom 
to the molecule is accompanied by the heat release. For example, the reaction 


Na* +C,H, — C,H, Na CH CH. 


is characterized by the parameters AH = -46.8 kJ/mol, AS = -167 J/(mol K), and AG 
= -2.8 kJ/mol at 263 K. This equilibrium also depends on the solvent, as it is seen 
from the data presented below 


a et 
Solvent C,H;0C,H,OC,H; OCH,(CH,)CH, CH3O(CH;,OCH; CH;OC;H40C;Hs 
K (293K) 0.07 0.36 0.49 0.75 


Since radical anions possess both a charge and an unpaired electron, they enter 
reactions characteristic of both anions and free radicals. In addition, they manifest a 
high activity as reducing agents and can both donate and accept an electron. The 
transfer of a proton in the reaction 


ROH+C,,H, > RO «CH, 


depending on alcohol, occurs with the rate constants (alcohol is medium, 298 K) 


ROH............ CH,OH C;H,OH n-C4H;,OH — (CH3CHOH 
k, (mol s). 6.910 2.6.10 3240* 5.5.10? 


As radicals, radical anions can detach a hydrogen atom. For example, the reac- 
tion 


O' «*H, > OH +H 


occurs with a rate constant of 8-10’ (mol s) (H,O, pH 13, 298 K). Radical anions 
are prone of adding at the double bond on which anionic polymerization under the 
action of radical ions is based. As radicals, radical anions recombine to form dimers 
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2PhCH = CHPh Na* — Na*CHCH(Ph)CH(Ph)CHPh Na 


However, unlike the recombination of alkyl radicals, which occurs with the dif- 
fusional rate constant, radical anions recombine more slowly due to their repulsion 
upon bringing together. The recombination rate depends on the counterion (tetrahy- 
drofuran, 273 K) 


Counterion Lit Na* KË Cs" 
k, V(mol s) 33 7.4 13 5.0 
E, kJ/mol 63.7 77.3 60.2 59.4 


Radical anions are specified by the reaction of electron transfer to a molecule- 
acceptor (e.g., CioHg — naphthalene) 


CoH; K+ C, H 8? Cio Hg +CH K 


The transfer rate constant in tetrahydrofuran at 296 K is equal to 6:107 1/(mol s). 


Radical anions are also characterized by the disproportionation reaction of the 


type 


2Ar M* <= ArH’ '2M ‘+ ArH 


8.8. Methods of studying fast ion reactions 


Many reactions involving ions, such as ion association, electron and proton trans- 
fer, and ligand exchange, occur very promptly, and the equilibrium state is estab- 
lished in the system. Several special methods were developed for the kinetic study of 
such systems. They can be classified as three types: methods with fast single distor- 
tion of the equilibrium state of the system, methods of periodical physical action on 
a solution in which the equilibrium chemical process occurs, and electrochemical 
methods for studying ion reactions. 


8.8.1. Method of temperature jump 


The method is based on the following principle. The temperature of the equilib- 
rium solution is increased very quickly, which removes the system from equilibrium. 
The kinetics of establishment of the new equilibrium state is monitored by high- 
speed spectrophotometry. The corresponding kinetic characteristics are calculated 
from experimental data. For the one-stage reversible reaction, the temperature 
change AT results in the corresponding change in the equilibrium concentration of 
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àc, AH 


The first technique for studying equilibria by this method was created by M. 
Eigen in 1959. The temperature increase is achieved most often by the discharge of 
a high-voltage capacitor through an aqueous solution. The temperature increases due 
to the friction of ions moving in the electric field. The rate of the temperature 
increase depends on the RC product (where R is the resistance of the cell, and C is 
the capacitance of the capacitor) and is described by the formula 


the ith component Ac; 





AT = AT. [1 - exp(-2/RO)] (8.23) 


The temperature jump technique is characterized by the following parameters 
(Fig. 8.7): the voltage on the capacitor plates is 10—100 kV, RC = 1+10 ms, the cell 
volume is 0.2+20 cm’, and AT = 6+8 K. High-speed spectrophotometry is used to 
monitor a change in the reactant concentration. The method enables one to measure 
relaxation times from 1 to 10° s. High requirements are imposed on the reaction cell 
in the temperature jump technique. The cell must withstand the high-voltage dis- 
charge, provide the uniform heating of the liquid, and allow one to use an optical 
equipment for spectral monitoring. 


The reaction cell is usually prepared from Plexiglas, electrodes are brass, and the 
light is transmitted through quartz rods. Uniform heating is provided by parallel elec- 
trodes embracing the reaction cell. Fast heating is achieved by a pulse generator of 
microwaves. Due to electric relaxation, the liquid absorbs microwaves with a certain 
frequency and is rapidly heated. Water absorbs the microwave radiation at a fre- 
quency of 10'° s. and this allows one to rise the temperature by 1 K for 1 ms. 
Absorption spectrophotometry is the most popular method of detection. 


For a single relaxation process, the kinetics of the ith component is described by 
an exponential law 


Cio - Ci * (Cio - € [1 - expCt/x)] 


where 1 is the relaxation time. 


For small changes in the concentration 
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Al= EJ Ac; 


where / is the change in intensity of the light absorption, / is the reactor length, 
and i is the molar absorption coefficient. 


Data are processed on a computer. The method is widely used for studying the 
kinetics of the acid-base equilibrium, intermolecular transfer, formation of metal 
complexes, electron transfer reactions, and enzymatic catalysis. The method meas- 
ures rate constants of up to 10!! V(mol s). 





Fig. 8.7. Scheme of the temperature jump technique: 1, high-voltage generator; 
2, kilovoltmeter and trigger; 3, monochromator; 7, photoamplifier; 
and 8, differential amplifier and oscillograph. 


8.8.2. Method of pressure jump 


Chemical reactions with a change in the number of species are accompanied by 
a change in the volume. The equilibrium constant of such equilibrium reactions 
depends on the pressure in the system 


(9InK/0p); = -AV/RT (8.24) 


If in the system with the established chemical equilibrium the pressure is rapidly 
changed, the equilibrium state changes, and the system relaxes to the new equilibri- 
um state. The method of pressure jump is based on this regularity. The first setups for 
this method were constructed by S. Ljunggren and O. Lamm in 1958 and by G. 
Strehlow and M. Becker in 1959. 


The setup is an autoclave 4 (Fig. 8.8) in which two conductometric cells 3 are 
mounted. One cell contains the solution under study, and another is a reference cell. 


Reactions of ions and radical ions 299 






To the trigger 






To the bridge 


Fig. 8.8. Scheme of a pressure jump instrument: 1, magnetic release; 2, steel 
needle; 3, cells; 4, autoclave; 5, thermostatting coil; 6, capillary; and 7, 
cylinder with gas. 


Kerosene is poured into the bottom part of the autoclave with the cells, the auto- 
clave is closed and thermostatted, and the pressure is applied. After the equilibrium 
is established in the reaction cell, the steel needle 2 breaks the membrane, and the 
pressure in the chamber drops within a short (~100 ms) time to atmospheric. The 
relaxation time of the system 1 to the new equilibrium state is measured by a change 
in the electroconductivity of the solution. The pressure change in the solution results 
in a temperature change 


AT = (ot; T/9C, Ap 


where qt, is the coefficient of temperature expansion, p is density, and C, is temperature. 


After the pressure jump, the temperature slowly (within several seconds) returns 
to the initial value. If the time of chemical relaxation is much shorter, this tempera- 
ture change can be neglected, considering the process as quasi-adiabatic. If the reac- 
tion depth caused by the pressure change is designated through € and to take into 
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account that it is related to a change in both the pressure and temperature, we have 





>_> = ff di AV AH aT 
Pe] e RT ra (8.25) 


Usually C, < [ec for example, for water at p = 10’ Pa, Ẹ = = 020, because 
(9T/ap)s = 1.45-10° kPa’. A change in the electroconductivity K in time is described 
by an exponential law (dk/K) = constA,exp(-t/t), where t is related to the kinetic 
characteristics of the chemical equilibrium. The change in the electroconductivity i in 
time is recorded on an oscillograph. This allows one to measure t from 1 to 10? s. 
To study faster reactions, one has to shorten the time during which the pressure 
changes. With this purpose, impact waves are used in setups with a special construc- 
tion. 


These setups make it possible to shorten the time of pressure jump to 50 ms. The 
method of pressure jump is used for studying ion equilibria that occur with a change 
in the number of species, such as ligand exchange, hydration, and the formation of 
chelate metal complexes. 


8..8.3. Method of electric pulse 


The degree of dissociation of a weak electrolyte E increases when a strong elec- 
tric field with the strength E is applied to a solution of this electrolyte 


da/dE = 9.601 - a)/(2 - eT? cm/V. (8.26) 


For example, when a field of 200 kV/cm is applied, a(CH4COOH) increases by 
12%, The change in the degree of dissociation of the electrolyte is monitored by a 
change in the electric conductivity. In order to exclude the temperature effect, the 
field is applied for a short time interval, and the relative change a in two cells is mon- 
itored: one cell is filled with a solution of a weak electrolyte, and another contains a 
solution of a strong electrolyte. 


The rectangular electric pulse is fed to the electrodes of ihe cell within a time 
interval of 10° s. This pulse is maintained constant for 2- 10^ s. During this time a 
change in the electric conductivity is monitored by m oscillograph. The method 
makes it possible to measure relaxation times in the 10° to 10° s interval. 


For solutions with a noticeable electric conductivity, a pulse lasting for 10” to 
10? s is used. The o change in time is recorded on an oscillograph. Since there is the 
relaxation time t, the Aa(/) curve differs from the Aa,(f) curve at t = 0, namely, 
AOmax 5 Ady, max: 


AO max/AOmax = [(1 - bt). T] ^ (8.27) 
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where 


AQ = Aae” sinat 
where b is the decay constant, and «/2p is the vibration frequency of the electric field. 


The method makes it possible to measure 1 in the 10^ to 107 s interval, kmar = 
4-10'? 1(mol s). 


8.8.4. Ultrasonic method 


When sound propagates in the liquid, it results in small periodical fluctuations of 
the temperature and pressure. The reaction, whose equilibrium depends on the tem- 
perature or pressure and the relaxation time is comparable with the perturbation peri- 
od, absorbs sound according to the law P = P;exp(-ou), where P and P, are the ampli- 
tude at the / distance and the initial amplitude of the sound vibration, and o is the 
absorption coefficient at 1 cm. The absorption coefficient at the wavelength is u = 
od = 2nau/w, where À, u, and œ are the wavelength, rate, and angular frequency 
(rad/s): u depends on c and relaxation time T as follows: 


U= Vmax + 0°07)" (8.28) 
At ot = 1 
av? = const[1 + (2v/nx))] (8.29) 


Since other process of sound energy absorption occur in the liquid due to viscos- 
ity, thermal conductivity, and dipole orientation (background absorption), in the gen- 
eral case we have 


av? = A[1 + Qv/moy]! +B (8.30) 


In experiment o is measured at different v, the dependence of av? on logv is 
plotted, and t = 2nv. is found by the inflection point in this curve, where v. is the 
frequency corresponding to the inflection point. The ultrasonic method allows one to 
measure 1 in the 10^ to 10? s interval. 


In order to measure ultrasound absorption, the following methods are used: pulse 
(in the frequency region from 2:10? to 1.5-10 s), optical (1-108 to 1.5-10° s! flow 
(2-105 to 1.5-10° s’) reverberation (1:105 to 5-104 s`"), and resonating sphere (1.5:10* 


to 510? s^). 
8.8.5. Method of periodical electric field 


A high-frequency alternative field with the frequency v = w/(27) is applied to a 
solution of a weak electrolyte, which results in the periodical change in the degree of 


302 Methods of studying fast ion reactions 


dissociation of the electrolyte. If t << c, the change in the degree of dissociation 
virtually coincides with a change in the field intensity E. If t >> o, the degree of 
dissociation very weakly changes in time. At t = w, the shift of the phases by fre- 
quency between E and a is that the maximum absorption of the energy is observed, 
and T is calculated. 


6.8.6. Electrochemical methods 


The first work on measuring the rate constant of the protolytic reaction by the 
polarographic method was published in 1947 (R. Brdichka). Later several other elec- 
trochemical methods were developed for measuring rates of fast ion reactions. For 
the electrochemical determination of the reaction rate constant, it is necessary for the 
chemical equilibrium to exist in the system and for at least one of the reactants to par- 
ticipate in the electrode process. The reaction rate of electron transfer on the elec- 
trode increases exponentially with an increase in its potential E when E > Eeg, where 
E,, is the equilibrium oxidation or reduction potential of the reactant on the elec- 
trode. The current strength is 


i-i iex ee —ex Rei) aes 
o PR p RT (8.31) 


where i, is the exchange current, and a is the transfer coefficient (0 < a < 1); n = E - Egg. 


Increasing E, we can create such a regime when the reaction on the electrode 
occurs very rapidly so that the process is limited by the formation of the correspon- 
ding reactant on the electrode and depends on its transport characteristics during dif- 
fusion from the bulk to the electrode surface. 


Analyzing experiments data in the framework of the diffusion equilibrium, tak- 
ing into account the equilibrium chemical reaction in the bulk, the rate constants of 
the direct and inverse reactions are determined. Several electrochemical methods 
were developed. 


1. In the polarographic method the reaction is studied in a cell with a dropping 
mercury electrode. Another electrode is calomel. A direct voltage is applied to the 
electrodes, and the mean current is measured. The rate constant of the corresponding 
stage is determined from the dependence of the current strength i on the electrode 
potential E under specially selected conditions when the rates of the studied reaction 
and electrode process and commensurable. For example, when the cell is filled with 
a weak acid, the following processes occur: 


A +o HA—*—> P 


The solution of the diffusion equation (i; is the current caused by the diffusion of 
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Species to the electrode), taking into account the chemical reaction in the bulk, gives 
the formula, which relates i/i; to k , (t is the time of formation of one mercury droplet 
on the dropping electrode) 


i | 0886, g^? [m] 
i, 1«0.886(k t) [H] 22) 


The rate constants of dissociation of organic acids and of redox reactions were 
determined by this method. The method makes it possible to measure times of chem- 
ical relaxation to 10% s. 


2. Faster reactions can be studied by the method of pulse polarography. In this 
method, the potential, at which the limiting current appears not immediately but 
some time after the appearance of the droplet, is applied to the electrode. This makes 
it possible to shorten the current period t for the period of droplet formation and to 
enlarge the interval of measuring rate constants to 190? V/(mol s). 


3. The method of rotating disk is similar to the polarographic method but a rotat- 
ing platinum disk is used as an electrode. The current is measured at a constant volt- 
age and different rates of disk rotation. In the case of the reversible reaction of the 


type 


Bo A—— P 


the current density i and the angular frequency of disk rotation c are related to the k; 
and k., constants and diffusion coefficients D4 and Dg by the following correlation: 


— = Ry Ps PRU MEN (8.33) 
o^" 1.6(D?n/ Q“ SD, (k/ Dy)* (k / Da) ; 
where D = (kDa + k,Dg(k; + Es Using the tangent slope in the ity ^ - i coordi- 
nates, the (K;Dp/Da)[(k,/Dg) + (k / DAT’ value is determined and the &, and K , 
constants are calculated at the already known K;, Da, and Dg. 


4. The potentiostatic method allows one to estimate the rate constant of the stage 
preceding the electrode reaction using a change in the current strength in time. For 
the scheme presented above, the time dependence of the current density i is described 
by the equation o? = Kit) 


i-nF(A] ABD D? K, K? & erfe(A) (8.34) 


Comparing the experimental curve i() with the calculated one, k; is determines 
(K; and D = D, + Dg are known). In this method, a hanging dropping mercury elec- 
trode is usually used. 
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5. The galvanostatic method differs from the potentiostatic method by the fact 
that during experiment the current strength is maintained constant in the electrolytic 
cell where the chemical reaction occurs, and the voltage increase in time is detected. 


The electrochemical methods make it possible to study reactions occurring with 
a rate constant to 10 s'. Measurements can be carried out in a cell with a volume 
to 1 cm? and less. These methods were used to study reactions of proton transfer and 
complex formation, redox reactions. 


The choice of the systems is restricted by such reactants and products, one of 
which is reduced on the electrode. The solution must conduct the current and contain 
a sufficient concentration of a dissolved electrolyte. 
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Chapter 9 


Reactions of molecules 


9.1. Isomerization and decomposition of molecules 


9.1.1. cis-trans-Isomerization of olefins 


The transition of the cis-configuration of olefin to the trans-configuration, for 
example, 


H H H E 
/ x 
CEC ———»- C=C 
Z N 
D D D H 
needs the turn of the C atom around the C—C bond. However, this turn by rotation 
about the n-C—C bond is forbidden by the symmetry rules. Therefore, isomerization 
occurs through an intermediate biradical state in which the m--C—C bond is cleaved. 
This state is most probably singlet; since the cleavage requires a large energy con- 
sumption, the cis-trans-isomerization of olefins occurs with a high activation energy. 
The pre-exponential factor for a light molecule, for example, HDC=CDH, is equal to 
2(ekT/h) « 10? s'Ina heavy molecule in the transition state the turn about the C— 
C bond is comparatively slow, so that Av/kT << 1 and the sum of the states related to 
rotation is [1 - exp(-v/kT)] ' = kT/hv. Due to this A = 2v; evidently, in this case, v < 
10°? s. These reactions occur with a noticeable rate at 600-800 K and are studied in 
the gas phase. Below we present E and logA for several olefins (A is expressed in 


s! 


Olefin E, kJ/mol logA Olefin E, kJ/mol logA 
cis-CDH=CDH 272 13.0  cis-PhCH-CHPh 179 12.8 
cis-CH;CH=CHCH, 263 13.8 cis-CH3-cinnamate 174 10.5 
cis-CH4CH-CHCN 214 11.0 cis-PhCH-CHCN 192 11.6 
cis-CH,CH-CHCOOCH, 242 13.2 cis-CF;CF=CFCF,; 236 3.5 


As can be seen from these examples, the activation energy of this reaction is close 
to that of t-C— C bond cleavage and the 4 factor changes from 10'° to 10° s”. 
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9.1.2. Reactions of cyclization and decyclization of molecules 


Decyclization of cycloparaffins also proceeds through the biradical transition 
state, for example, 


CH; 


/ — — H,C— CH— CH: 
H,C—CH; 

The study of the transformation of cis-1,2-dideuteriocyclopropane showed that 
the reaction was accompanied by isomerization, which occurs by approximately an 
order of magnitude more rapidly that decyclization (B.S. Rabinovich et al., 1955). 
Thus, the reaction mechanism is more complicated and includes the following steps 
involving the intermediate biradical: 


H H H 
AP aa A = Dc Hh- “IC CH CHE 
D . . 
H 
HS D » uf ND 
p^ C7 CH Cg < oo SH 


It is most likely that cyclobutene decomposition occurs similarly 
[_] LLL CHQCH-CHCH,-— — 3 H, C= CH— CH= CH; 


The Arrhenius parameters for several isomerization reactions of cyclic com- 
pounds to unsaturated compounds (gas phase) are exemplified below. 


Compound E, kJ/mol logA (s!) 
| I———— 4 
CH,CH,CH, 272 15.2 
T 
CH, CHCH,CH, 272 15.4 
[y lc | 
CH, = CHCHCH,CH, 208 13.6 
PE eaten | 
CH = CHCH,CH, 136 13.1 
| Cee | 
CH,CH,O 238 14.2 


It is seen, in particular, that the activation energy of decomposition of vinylcy- 
clopropane is much lower than that of methylcyclopropane. The reason is the stabi- 
lization of the biradical formed due to the interaction of its free valence with n-elec- 
trons of the vinyl groups. The same reason provides a comparatively low activation 
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energy for cyclobutene. 


The decomposition of bicyclic hydrocarbons proceeds via the biradical mecha- 
nism. The parameters of such reactions are presented below. 


E,klmol  log4 (s!) 
———» CH= CHCH,CH= CH; 195 144 


CH, =C—C= CH; 
H5 CH; 


LOSS 
| 


9.1.3. Decomposition of molecules 


Homolytic decomposition of molecules to radicals was considered in Chapter 7. 
Let us consider such reactions when one molecule decomposes to two molecules. 
This decomposition occurs through the cyclic transition state, for example, 


# 
CH H 
3 CH; T i 
ae —— c— HI 
Je Dy 


(CH3))CHI 
CHY pd cuj" H 





The values of AH, E (kJ/mol), and logA for several RCI and C,H;X (gas phase, 
Ain s!) are presented below. 


R.....CjHs mC,H; (CHCH (CH;);C  PhCHCH,  CH,CHOCH, 
AH... 70 59 66 71 57 69 
E... 236 230 214 188 190 154 
logd.... 132 1345 13.6 13.8 12.9 13.1 
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Xs CI Br I CN SH NO, 
AH........ 70 83 87 134 125 71 

Es 236 225 209 323 214 188 
logA.... 132 13.4 13.4 15.0 13.0 12.4 


As can be seen the pre-exponential factor for such reactions are close to 19-10" 


s', and the activation energy are much higher than the change in enthalpy in the reac- 
tion. These reactions are allowed in part by orbital symmetry. The high activation 
energy can be related to the following circumstances. If the reaction occurs as the 
synchronous formation of the X—H bond with the simultaneous loosening of the 
C—H bonds and C—X and the appearance of the 1-C—C bond, then the high ener- 
gy barrier is a result of a considerable change in the bond angles of rearranging bonds 
and the repulsion of approaching atoms. It was assumed that the reaction proceeds 
through the preliminary ionization of the C—-X bond and formation of the ion pair 


C,H,X > C,H}, X^ > Q H, «HX 


In this case, the high activation energy is associated with energy consumptions to 
the ionization of the C—X bond in the gas phase. In the liquid phase reactions of this 
type often involve the solvent and are accompanied by the ions formed. The values 
of the pre-exponential factor, as S. Benson showed, agree with the elimination of HX 
via the synchronous mechanism. In particular, for C;H;Cl decomposition the theo- 
retical calculation gives log4 = 13.1, which virtually coincides with the experimen- 
tal value. 


The elimination of HX in positions 1 and 4 occur much more rapidly because in 
this case the transition state represents a six-membered complex where the strain of 
angles is minimum 

š 


CH, CHCI H H-C H 
UU. se MA | — c= CH— CH= CH; 


Nc” 
H^. Ou uU ‘coc’ ‘H HCI 


It is most likely that the decomposition of esters in the gas phase proceeds 
through the six-membered transition state, as follows: 


Q O--H 
cH,- c? ——> HCH S CH) |» CHCOOH * CH= Chv 
OCH)Cth O== CH; 


PES 


Reactions of this type also occur with a high activation energy and a pre-expo- 
nential factor of 107-10? s! (E and AH in kJ/mol, A in s) 
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CH;COOC,H, n-C;H,OCOCH; (CH;);CHCH,OCOCH; PhCH;CH;,OCOCH, 


AH siiis 51 40 29 38 
E oos 201 199 198 190 
logA......... 12.6 12.4 11.9 12.4 


9.2. Bimolecular reactions with concerted rearrangement of 
bonds 


These are Diels-Alder reactions, viz., reactions of addition of unsaturated com- 
pounds to dienes. The simplest reaction is the addition of ethylene to butadiene 


Three rt-bonds are cleaved and two o-bonds and new 1-bond are formed in the 
transition state. Diene reacts only in the cis-form because only in this case n-orbitals 
of the diene and olefin can overlap. If both compounds are cyclic, the formation of 
two isomers, endo- and exo-, are possible, for example, 


7 (endo) 


o y 

"n 
IDS 
om í P 


o (exo) 
Oo 


The dimerization of cyclopentadiene and cyclohexadiene with maleic anhydride 
affords only endo-forms. The dimerization of furan with maleic anhydride in xylene 
(400 K) gives 28% endo-form and 72% exo-form. 


Diene synthesis is reversible: the product that formed undergoes decomposition 
to the initial products. The decomposition reaction is named the retro-diene synthe- 
sis. The addition of diene to olefin is accompanied by a decrease in both the enthalpy 
and entropy. A series of examples is given below. 
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Reaction Conditions — -AH, -AS,  logK (400 K) 
kJ/mol kJ/mol 


CH;-CH-CH-CH, + 


CH=CH, Gas phase 125 109 10.9 
cis-C5H, + cis-CsHe Gas phase 71 132 2.4 
cis-C5Hg + cis-C5Hg parafine 68 113 3.0 

cis-CsHg+CH,=CH—CHO Gas phase 81 121 43 
cis-C5Hg + OCgH,O C6H6 73 121 3.2 


In all presented examples the equilibrium is shifted toward adducts. In a solution 
the equilibrium constant is somewhat higher than that in the gas because the internal 
pressure of the solvent favors the association of species. 


In the gas phase and neutral solvents, the diene synthesis occurs as one stage. 
Below we present the Arrhenius parameters for several reactions in the gas phase (4 
in I/mol s), (k at K). 


Reaction k, (mols) £, kJ/mol log4 
CH,=CH—-CH=CH, + CH=CH; 3.0105 11.5 7.5 
2CH;-CH-CH-CH; 1.21105 99 7.0 
2-cis-C4Hg 9.2:107 70 6.1 

cis-CsH, + CH;7-CH—CHO 7.0110? 64 6.2 
CH,=CH—CH=CH, + CH;-CHCHO 3.110? 82 62 
CH;-C(CH)CH-CH, + CH;-CHCHO 6.610? 78 6.0 


Although all these reactions are exothermic, they occur with a sufficiently high 
activation energy. The pre-exponential factor is much lower than the frequency of 
double encounters, which is resulted by the negative activation entropy. When the 
transition state is formed, two species are combined in one species and the diene 
looses the ability of the RCH=CH groups to internal rotation. This results in consid- 
erable entropy losses. -AS" = 120 J/(mol K) corresponds to the pre-exponent A = 
105, This value is close to the entropy of equilibrium in the reaction of butadiene 
with ethylene (see above). Therefore, the structure of the transition state is close to 
that of the final product. 


In the absence of catalysts the Diels-Alder reaction occurs as a bimolecular reac- 
tion with the concerted rearrangement of z-orbitals. The n-orbitals of diene with the 
T-orbital of olefin interact in the transition state, which is favored by the geometry of 
the reactants (a six-membered cycle appears) and the character of (properties of sym- 
metry) of the interacting orbitals. According to the rules of orbital symmetry 
(Woodward—-Hofmann rule), the efficient overlap of the interacting orbitals occurs 
only when the bonding orbital of one reactant and the antibonding orbital of another 
reactant have appropriate symmetry. As seen from the scheme presented in Fig. 9.1, 
the reaction of diene synthesis obeys this condition and, hence, occurs comparative- 
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ly rapidly. This correspondence is absent in the case of the interaction of two olefins, 
the reaction is forbidden by the rules of orbital symmetry and to occur it needs one 
of the reactants to be transformed into the excited state. The general analysis of con- 
ditions of concerted addition of polyenes is allowed if the total number of electrons 
is equal to 4n + 2. For the addition of olefin to diene this number is equal to 6. 


The solvent slightly affects the dimerization of nonpolar reactants. 


In a solution the reaction occurs somewhat more rapidly than in the gas phase: k, 
= 0.85:10°, ky = 1.0:10° l/(mol s), which is related, most likely, to a higher frequen- 
cy of collisions of particles in the liquid (see Chapter 6). This influence is much more 
pronounced in the case of polar reactants. For example, the dimerization of cyclopen- 
tadiene with p-benzoquinone, depending on the solvent, occurs with the following 
rate constant: 


Solvent........ nC;H,, CS: CCl  CgH;  PhCN PhNO; 
k10),M(mols)(300K). 0.48 0.64 077 110 467 5.14 


The formation of the transition state is accompanied by a decrease in volume 
because two species are unified to form one associate. The study of cyclopentadiene 
dimerization under a pressure allowed the estimation of the activation volume AV = 
33 cm?/mol (298 K, cyclopentadiene). It is equal to the change in the volume upon 
the formation of the dimer from the initial particles. Therefore, the volume of the 
transition state is virtually equal to the volume of the dimer. 


Acids accelerate the Diels-Alder reaction. The rate of the catalytic reaction is pro- 
portional to the acid concentration and the product of the concentrations of the reac- 
tants. The activation energy of the catalytic reaction is low. For the reaction of 
cyclopentadiene with p-benzoquinone catalyzed by trichloroacetic acid, it is equal to 
zero, and the constant k = 6.8 I mol’/s at 298 K. The reaction occurs, evidently, 
through the intermediate formation of the carbocation. 


9.3. Molecular complexes 


In a solution molecules interact with each other. This interaction can be divided 
in physical and chemical. This division is conventional to a great extent but helpful 
in many cases. When molecules collide (in both the gas and liquid phases), repulsion 
forces appear. The repulsion energy depends on the interatomic distance and increas- 
es sharply with shortening of the interatomic distance r according to the law: Usep = 
Ar", m = 10 +12 or Usp ~ e^, where a = 0.3+0.5 nm !, i.e., repulsion forces are 
short-range. When molecules are remote from each other, far-range attraction forces 
appear between them. 


If both molecules A and B possess dipole moments, being approached they take 
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the antiparallel orientation and the dipole-dipole interaction appears between them. 
The energy of this orientational interaction of two particle-dipoles depends on their 
dipole moments u4 and Jig, the distance between them rag, and the dielectric con- 
stant of the medium £: U, = -(2kT) 3 py /ers. 


If the antiparallel orientation is impossible, U,, depends on angles of mutual ori- 
entation. Due to the mobility of the electronic shell in molecule A under the action 
of the electric field of the adjacent particle-dipole B, a induced dipole appears (is 
induced). The value of this dipole ji, depends on the polarizability of molecule A a, 
and the energy of the induced interaction Uing = -24; a/Tey- Molecules with p- and 
T-electrons possess a high polarizability. 


Finally, dispersion forces act between molecules. They appear due to the dis- 
placement of nuclei and the electronic shell appeared for a very short time, which 
results in the formation of an instant dipole. The interaction of such existing for a 
short time dipoles creates forces of dispersion interaction (London forces). The ener- 
gy of dispersion interaction between the same biatomic molecules depends on the 
polarizability of the molecule c and the zero-point frequency of vibrations of atoms 
Vo: Usisp = -3o hv Ar. Depending on the structure and sizes of the molecule, the 
contributions of the orientation, induced, and dispersion interactions differ. The 
example is presented below (the energies are expressed in kJ/mol; accepted that £ = 


1). 


Molecule CH, CO HCI NH; H,O 
-Uor 0 0.4 2.8 12.6 36.3 
-Uing 0 0.8 0.8 1.5 1.9 
-Uäisp 17.6 8.8 15.8 14.0 8.8 
Sum 17.6 10.0 19.4 28.1 47.0 


Physical interaction does not change or very weakly affects the structure of inter- 
acting particles. In addition to physical interaction, molecules very often form with 
each other molecular complexes involving definite atoms and molecular orbitals. 
Molecular complexes are divided into two large classes: complexes with the hydro- 
gen bond and charge transfer complexes (CTC). Molecular complexes occupy an 
intermediate position between associates of molecules appeared due to the physical 
interaction, for example, dipole-dipole attraction, and molecules. Physical interaction 
appears as a result of the electrostatic attraction of molecules with a constant or 
induced dipole. The number of interacting molecules that form an associate can be 
rather great and change depending on conditions. The molecular complex has a con- 
stant composition (most often | : 1 or 1 : 2); if it changes, the complex structure also 
ch: nges. The hydrogen bond in alcohols appears by the interaction of the O—H 
grc up with the electron pair of the oxygen atom of another molecule. Unlike mole- 
cul :s, which are formed from other molecules in reactions that occur with the acti- 
va! on energy, molecular complexes are formed in association processes that occur 
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without activation energy. Therefore, molecular complexes are at equilibrium with 
the initial molecules. Molecules in the complex retain their properties, and only 
groups or bonds, due to the interaction of which the complex is formed, change. The 
bond energy in molecular complexes changes in a wide range. The complexes are 
conventionally divided into 3 groups by this property 


Weak Medium Strong 
To 10 From 10 to 15 735 kJ/mol 


Let us consider the properties of CTC. The theory of CTC was developed by R.S. 
Mulliken in 1952. Two molecules form CTC when the transfer (complete or partial) 
ofan electron from the occupied orbital of the molecule-donor D to the vacant orbital 
of the molecule-acceptor A is energetically favorable. The wave function of the 
D'.A CTC is described in the first approximation through the wave functions of the 
initial state D, A and completely ionized state D .A' 


y (D*A ay (A.D) + By (D.A) (9.1) 


If during CTC formation the electron is completely transferred from D to A, the 
energy of complex formation is the following: 


Uctc = Ip = Ea = elrap (9.2) 


where Jp is the ionization potential of the donor; E, is the electron affinity of the acceptor, and 
the third term expresses the energy of Coulomb interaction between D' and A’. 


For a polar solvent, we have to supplement the solvation energy of CTC. Electron 
pairs, p-and -electrons, and easily polarized o-bonds participate in the formation of 
CTC. Simultaneously v-, o*-, and 1-orbitals of the acceptor are involved in CTC for- 
mation. According to the type of orbitals involved in the formation of complexes, 
CTC are divided into 9 groups: 


pv(R,0...BF;), pr(R,0...ArH), to(R;O...L;), 
ov(RX...BF;), ox(RX...ArH), 60(RX...1,), 
nv(ArH...BF;), 1(A,H...A9H), no(ArH...I;) 


The structure of CTC was studied by visible and UV spectroscopy, NMR, and X- 
ray diffraction analysis of complexes in the crystalline state. The data show that in 
some cases the structure of the molecule weakly changes when it is in the composi- 
tion of CTC. For example, for the formation of the Br, complex with two benzene 
molecules the distance between the bromide atoms remains the same as in the initial 
molecule, viz., 0.228 nm. In the Br, complex with two dioxane molecules, this dis- 
tance is somewhat greater, namely, 0.231 nm, and the distance between the bromine 
and oxygen atoms is 0.271 nm, that is, much smaller than the sum of the van der 
Waals radii. When the molecule contains several fragments, which can participate in 
CTC formation, depending on the partner, complexes with different structures can 
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appear. For example, acetophenone forms a complex with I, due to the interaction of 
the -orbital of the carbonyl group: C-O...b, whereas the complex with tetracya- 
noethylene is formed due to the interaction of the -orbitals of the aromatic ring with 
the n-orbital of olefin. Complex formation is accompanied, naturally, by the redistri- 
bution of the electron density between atoms and bond involved in bond formation. 
The charge distribution in the IC] molecule and in the pyridine—ICI CTC is exem- 
plified below. 


40.32 -0.31 -0.61 4035 40.26 
I—CI CHI .. NCH; 


Enthalpy, entropy, and equilibrium constant are important characteristics of CTC. 
The enthalpy and entropy of CTC formation are negative. The enthalpy of formation 
changes in a wide range. Below we present the AH®, AS^, and K for several com- 
plexes in n-paraffins. 


Complex AH? AS? K(300K)  K(400K) 
CH;O:BF; 572 138.4 380 1.72 
PhH-I, 33.4 64.8 268 9.47 
(CHj;S-BF, — 147 58.9 0.26 0.07 


Of course, the solvent, first of all its solvating ability, affects the position of equi- 
librium. For example, for the formation of a CTC between 1,3,5-trinitrobenzene and 
N,N-dimethylaniline at 300 K, K = 9.5 l/mol in cyclohexane and 0.15 l/mol in diox- 
ane. The enthalpy of formation of CTC from A and B is determined by two contri- 
butions, electrostatic (E4 and Eg) and covalent (C4 and Cg). Drago and Wiland 
(1971) derived the empirical correlation 


DH = 4.18(EAEg + CaCp) (9.3) 


and estimated the E and C parameters in hydrocarbon solvents for several molecules 


Acceptor CA EA. Donor Cg Eg 
L 1 ] C; H;N 6.40 1.17 
CII 0.83 5.10 NH(CH3); 8.73 1.09 
CsH;0H 0.44 4.33 CH3CN 1.34 0.89 
(CH34COH 0.30 2.04 CH,COCH, 233 0.99 
BF; 3.08 7.96 (C;H55O 3.25 0.96 
SbCl, 3.15 7.38 HCON(CH3). 2.58 1.32 
CHCl, 0.15 3.31 C6H6 0.71 0.49 


The formation of CTC is influenced by steric factors. If substituents are near the 
atom involved in bond formation, then this creates interferences and decreases the 
bond energy of A and D in the complex. 
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9.4. Molecular halogenation of olefins 


The double bond possesses high reactivity; therefore, olefins enter into various 
reactions with double bond opening. In particular, olefins react with halogens X, and 
with HX via the ionic and chain-radical mechanisms (see Chapters 7 and 8). Along 
with these multistage mechanisms, the addition of X; and HX at the double bond 
under certain conditions occur by the molecular route. The reaction is preceded by 
the formation of a molecular complex. 


Halogens form with olefins 1 : 1 complexes. For cyclohexene in n-hexane, the 
complexes have the following thermodynamic characteristics: 


X, IBr L Bry Ch 
K(298K),l/mol — 1.80 0.52 0.36 0.33 
-AIf, kJ/mol 31.5 9.6 16.8 11.3 
-AS^, J/(mol K) 55 59 46 48 


Close values of the parameters are observed for other olefins, for example, for the 
Br, complexes with different olefins the following values were obtained: 


Olefin Hexene-] | Hexene-3 Styrene 4-Methylpentene-1 
K (298 K), l/mol 0.23 0.72 0.20 0.33 

-AH?, kJ/mol 12.6 16.8 11.7 11.7 

-AS°, J/(mol K) 55 59 46 48 


As can be seen from the K and A? values, the complexes of halogens with 
olefins are characterized by the medium bond energy. They are stable at the temper- 
ature below 300 K, the equilibrium are shifted toward the formation of these com- 
plexes at temperatures below 250 K. The complexes are formed due to the overlap- 
ping of the highest occupied orbital of the 1-bond of olefin with the antibonding o*- 
orbital of halogen. X-ray diffraction data on these complexes are lacking. The quan- 
tum-chemical calculation gave the following probable configurations of the chlorine 
and bromine complexes with ethylene: 


Cl 
| Br— Br 
H - H H : H 
Nec cec 
H^ "^ H/ ^H 


The degree of charge transfer from the m-bond of olefin to halogen estimated 
from spectroscopic data in the heptene-1 complex is 0.043 for L and Br, 0.029 for 
CL, and 0.08 for ICI, that is, it is insignificant. 
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The formation of halogen 

SS X (-) complexes with olefins does 
argue in favor of the molecular 

mechanism of halogenation 

jo RU because the complexes can par- 
ticipate in ion and radical reac- 

C ————————— C tions of transformation. It is 


difficult experimental problem 


to prove the molecular mecha- 
nism of these reactions because 


: : : ] . it should be based on the com- 
Fig. 9.1. Symmetry of interacting orbitals in 


K f : prehensive kinetic study of the 
the reaction of halogen with olefin. process and strong proofs that 


ions or radicals do not partici- 
pate in the process. 


The molecular mechanism was rather reliably proved for several systems. Olefin 
chlorination in weakly polar solutions (hydrocarbons, halohydrocarbons) in the 
absence of Broensted and Lewis acids and in the absence of free radicals at low tem - 
peratures («300 K) proceeds via the molecular mechanism. Olefin chlorination is 
bimolecular with the rate v = A{Cl,][Olefin] and the negative activation energy E = - 
7.1 kJ/mol (hexene-1), -11.3 (cyclohexene, heptene-3), and -16.8 (styrene). The neg- 
ative activation energy is the result of the fact that chlorination is preceded by the for- 
mation of a complex and AH > E’, where E’ is E -AH’. For example, for heptene-3 
chlorination, E = -11.3, AH? = 16.8 and E’ = 16.8 - 11.3 = 5.5 kJ/mol, i.e., the acti- 
vation barrier of the transformation of the complex into the products is low. This, at 
first glance, contradicts the rules of conservation of orbital symmetry under the 
assumption of a four-membered activated complex. In this complex the o*-orbitals 
of halogen and m-orbitals of olefin should overlap, and the reaction is forbidden due 
to a change in symmetry of the interacting orbitals (Fig. 9.1). However, in the CTC 
that formed the electron density is transferred, and this process is enhanced in the 
transition state. It is quite possible that the polar structure of the transition state 
removed the forbiddance of the rule of orbital symmetry, and the reaction occurs with 
a low activation energy. 
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Part 4 


Chain Reactions 
Chapter 10 


Chain non-branched reactions 


The discovery of chain reactions was a result of intensive studies of photochemi- 
cal reactions. In 1912 Einstein formulated the law about the interaction of a photon 
with a molecule, according to which the quantum yield of the photochemical reaction 
cannot exceed unity. M. Bodenstein studied a series of reactions that occur under 
irradiation and discovered that the reaction of chlorine with hydrogen occurs with a 
huge quantum yield: to million of molecules per absorbed quantum. He proposed that 
the reaction occurs as a chain of consecutive transformations: the photon knocks out 
an electron from the molecule. The electron induces the chain of consecutive trans- 
formations of H, and Cl, into HCl. However, measurements of electroconductivity 
showed that electrons are not formed in such a system, and Bodenstein proposed in 
1916 that the photoexcited chlorine molecule is the active center. This mechanism 
was not either confirmed by subsequent experiments. 


In 1918 Christiansen proposed the mechanism of chain transformation of Cl; and 
Hz into HCl involving chlorine and hydrogen atoms and chain propagation in the 
reactions 


Q+H, 9 HO+H, FO, >M HHA 


Atomic chlorine is generated under the action of light. This scheme was con- 
firmed experimentally, and its particular steps were thoroughly studied. A new sci- 


ence, viz., kinetics of chain reactions, thus appeared in 1913—1918. 


10.1. Steps of chain non-branched reaction and conditions of 


its accomplishment 


The chain reaction is a complicated process consisting of diverse elementary reac- 
tions (stages); these stages are related to one another in a definite way. They are clas- 
sified as stages of chain initiation, propagation, and termination. 


318 Chain non-branched reactions 
10.1.1. Chain generation 


The formation of radicals initiating the chain process occurs via various reac- 
tions. First, radicals can appear from the starting substances. For example, the chain 
decomposition of acetaldehyde begins from its monomolecular decomposition at the 
C—C bond (Dc .c = 338.6 kJ/mol) 


CH,CHO CH,4 CHO 
Thermolysis often occurs on the wall S of the reaction vessel, for example, 


Cl, +S 2 CI- S4 CI 


The formation of the chemisorbed chlorine atom facilitates such a process by 
decreasing the activation energy. Radicals can be regenerated in the bimolecular 
reaction of the reactants, as, e.g., in hydrocarbon oxidation by the reaction 


RH+0, > R« HO, 


Second, the chain reaction is initiated by the introduction of an initiator or an ini- 
tiating system. Peroxides and azo compounds are used as initiators of liquid-phase 
chain reactions. For example, azoisobutyronitrile decomposes to radicals in the reac- 
tion 

(CH, ),(CN)CN = NC(CNXCH ) , — N ,+2(CH ) (CN)C 


Radicals can appear in redox systems. For example, to initiate emulsion poly- 
merization, the system H,O, + Fe?* is used, which initiates radicals in the reaction 


H,O, + Fe" 2 HO + Fe* +HO™ 
Dibenzoyl peroxide and dimethylaniline generate radicals by the reaction 
PhCOOOCOPh + PhN(CH, ), — PhCOO * PhN(CH ,), +PhCO. 


Third, the chain reaction can be initiated by the photochemical generation of rad- 
icals, for example, 


Cl, + hv > 2Cl 


or using the action of penetrating radiation (y rays, electrons « particles). 
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10.1.2. Chain propagation 


Free atoms and radicals formed in the system react with molecules. If a sequence 
of radical reactions composing the cycle of transformations with regeneration of the 
initial radical form appears in the system, then a chain reaction is possible. The cycle 
of radical transformations with conservation of the free valence and regeneration of 
the initial species is named the chain unit. The chain unit can consist of one or sev- 
eral elementary steps. For the radical polymerization of the vinyl monomer 
CH;-CHX, the unit consists of one elementary step (R: is macroradical) 


R4 CH, =CHX — RCH,CHX 


In the chain reaction of chlorine with hydrogen, the chain unit includes two suc- 
cessive reactions 


Cl+H, + HCI-H, H «Cl, HCl «CI 


The chain sulfochlorination of hydrocarbon RH proceeds as alternation of three 
elementary acts 
Cl+RH 2 HCI+R, R «SO, 5 RSO, 
RSO, + Cl, > RSO.CI «CI 


Chain propagation can include reactions of radicals with molecules and also 
decomposition reactions. For example, the chain decomposition of ethane includes 
the reactions 


H+CH,CH, >H,+C,H, C,H, CH, -CH ,«H 


Sometimes we meet reactions where chain propagation occurs as the reaction of 
two radicals. For example, isobutane oxidation includes the following steps: 
(CH,),C+ O, — (CH,),COO 
2(CH, ), COO — 2(CH,) ,CO+0, 
(CH, ),CO+(CH,),CH > (CH ,) COH «(CH ) È 


Chain propagation can include not one but two or more parallel cyclic reactions 
of chain propagation. 


As shown by the analysis of steps of chain propagation in various chain reactions, 
their occurrence in nature is based on two principles. First, the principle of non-anni- 
hilation of free valence in reaction involving one free atom or radical. If the radical 
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is isomerized or decomposes, the reaction products always contains an atom or a rad- 
ical. If the radical reacts with the molecule, detaches an atom or a group or adds to 
the multiple bond, in these cases, the free valence is also conserved because the odd 
number of electrons characteristic of reactants remains unchanged on the external 
electronic shells of the products. Thus, in reactions of an atom or a radical with a 
valence-saturated molecule and in monomolecular reactions of free radicals, a 
species with an odd number of radicals (atom or radical) is necessarily present among 
the products due to the conservation of the odd number of electrons on the orbitals 
of the reactants and products. 


The appearance of free radicals in the system does not always result in the chain 
reaction. For example, the decomposition of dibenzoyl peroxide in hydrocarbon RX 
results in the following reactions: 


PhCOOOCOPh > 2PhCOO, PhCOO «RH — PhCOOH +R 
R+R-—>RR (or RH + Olefin) 


Although in this system radicals are generated and the free valence is conserved 
in the act of interaction of PhCOO- with RH, no chain reaction appears because the 
cyclic sequence of steps with conservation of the free valence is not realized. 
Therefore, second, the fulfillment of one more condition is very important: principle 
of cyclicity of radical steps with conservation of free valence. The chain reaction to 
occur requires such a combination of the reactants that the cycle of transformations 
with conservation of free valence and reproduction of the initial radical (atom) takes 
place. In the example presented above, it is enough to replace hydrocarbon by sec- 
ondary alcohol to induce the chain reaction of dibenzoyl peroxide decomposition 
with the following steps of chain propagation: 


PhCOO + (CH, ), CHOH — PhCOOH «(CH ) COH 
(CH,),COH + PhCOOOCOPh — 
— (CH, ),CO +PhCOOH +PhCO , 


10.1.3. Chain termination 


The principle of conservation of free valence is fulfilled only in reactions of a 
first order with respect to the free radical. In reactions involving two free radicals or 
atoms, the free valence, as a rule, is saturated to form molecules as reaction products. 
Such reactions are exothermic because new bonds are formed in them and they occur 
with high rate constants. For example, the recombination and disproportionation of 
alkyl radicals in solution occur with the rate constant of diffusional collisions ( 10°. 
10° I/(mol s)). In the gas phase, atoms recombine with the frequency of triple colli- 
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sions (~10"° P/(mol’ s)). 


Cl+Cl+M — CL +M 


transmitting a portion of the evolved energy to the third particle M. If the atom or 
radical participates in the chain process, the reactions of this type are, in essence, 
reactions of chain termination (decay). This termination can occur via reactions of 
active sites of either one or different types. 


The molecular product formed in the act of chain decay must be stable under the 
conditions of the chain process. In other case, it decomposes without chain termina- 
tion in this reaction. 


The cyclicity principle necessary for the chain reaction to occur is disturbed if we 
introduce into the system a substance reacting with one of the chain-leading active 
sites to form a radical, which does not participate in chain propagation. For example, 
the presence of O in the H, + Cl; mixture, where the chain reaction develops, results 
in chain termination by the reaction 


Cl« 0, > ClO, 


The CIO; radical that formed does not react with hydrogen and chlorine. 
Therefore, such a reaction terminates the chain. The reactant terminating the chain is 
the inhibitor of chain reaction. The wall of the reaction vessel can act as a unique 
inhibitor of the chain reaction if active sites are adsorbed on it followed by their 
decay. 


Processes of propagation and decay of active sites compete with each other. 
Therefore, the chain reaction is realized only when possibilities for the predominant 
(priority) occurrence of chain propagation reactions are provided in the system. Only 
under this condition, the cycle of chain propagation reactions is multiply repeated. 
The average number of the chain propagation cycles calculated per active site gen- 
erated in the system is the chain length. For the chain non-branched reaction in the 
quasi-stationary regime, the chain length v is equal to the ratio of the chain propa- 
gation rate to the chain termination or initiation rate. 


Thus, a chain reaction appears due to the principle of indestructibility of free 
valence in reactions with a first order with respect to the radical. This reaction to 
occur needs the fulfillment of three conditions. 1. The set and structure of reactants 
must be such that the cycle of radical transformations with regeneration of the initial 
radical (atom) could occur in the system. 2. Free radicals must be generated in the 
system from reactants or by a special initiating action (initiator, light, radiation). 3. 
The conditions are selected in such a way that propagation occurs much more rapid- 
ly than chain termination. 
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10.2. Competition of chain and molecular reactions 


The question about the transformations of reactants into products by the molecu- 
lar reaction (direct way) and chain (complicated, multistage way) was considered in 
the monograph by N.N. Semenov “On Some Problems of Chemical Kinetics and 
Reactivity.” The new approach appeared because the quantum chemistry formulated 
the rule of conservation of orbital symmetry in chemical and photochemical reac- 
tions (Woodward-Hofmann rule). Let us consider this interesting aspect. 


Very often the structure of initial reactants suggests their direct interaction to 
form the same final products, which are also obtained in the chain reaction, and the 
thermodynamics does not forbid the reaction with AG « 0. However, the experiment 
often shows that many reactions of this type occur in a complicated manner through 
several intermediate stages. For example, the reaction H) + Cl; — 2HCI is very 
exothermic (AH = -181 kJ/mol) but occurs only via the chain route through the inter- 
mediate stages involving chlorine and hydrogen atoms. Now, analyzing numerous 
cases where a molecular transformation is possible but the reaction occurs via the 
chain route, one can distinguish several reasons for which the chain route of trans- 
formation has an doubtless advantage over the molecular route. 


10.2.1. High chemical reactivity of free radicals and atoms 


The high reactivity of radicals and atoms is clearly seen from the comparison of 

rate constants of reactions of the same type involving close in structure molecules 
and radicals. For example, the decomposition of Propane to the methyl and ethyl » 
icals occurs very slowly with the rate constant k = 4 10! exp(- -343/RT) = 2:10" 
(500 K), and the n-propyl radical decomposes to the methyl radical and ethylene with 
k-5 10" exp(- 106/RT) = 10 s^, that is, by 18 orders of magnitude more rapidly. This 
distinction is due to the following. The energy expenses for the C—C bond cleavage 
in the n-propyl radical is partially compensated by the formation of the zt-C—C bond 
of ethylene. In the case of propane decomposition, such a compensation is absent. In 
turn, ethylene formation during the decomposition of the n-propyl radical is pre- 
determined by the presence of an unpaired electron. In other words, the fast decom- 
position of the radical compared to the molecule is a result of its high chemical reac- 
tivity in the form of a free valence. Similar conclusions are obtained if we compare 
the decomposition at the C—C bond of alcohol and alkoxyl radical, amine and 
aminyl radical, aldehyde and acyl radical, aliphatic acid and acyloxy radical. 


High reactivity is manifested by free atoms and radicals in abstraction reactions. 
For example, the ox xygen atom abstracts the, H atom from cyclohexane with the rate 
constant k = 1.3-10! exp(-13.6/RT) = 5.6- 107 l/(mol S) (300 K), and the oxygen mol- 
ecule does it with k = 7.9: 10 exp(-167/RT) = 5.7-10 ^ l/(mol s) (300 K). Such a great 
difference is related to the fact that the first reaction is exothermic (AH = -22 kJ/mol), 
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and the second reaction is endothermic (AH = 167 kJ/mol). This distinction again fol- 
lows from the structure of the species and strength of the formed O—H bonds: in the 
hydroxyl radical Do—y = 427 kJ/mol, and in H—O, it is only 202 kJ/mol. 


Radicals also exhibit high selectivity in addition reactions. For example, the per- 
oxyl radical of oxidizing styrene adds to the double bond of styrene with the rate con- 
stant k = 68 l/(mol s), and the oxygen molecule adds with k = 5.6-10°'° I(mol s) (298 
K). As in the case of abstraction reactions, the distinction is resulted by the fact that 
the first reaction is exothermic (AH = -100 kJ/mol), and the second reaction is 
endothermic (AH — 125 kJ/mol). In this case, the differences are due to the fact that 
the chemical energy is stored in the free radical. To illustrate this, below we present 
the AH values for RH molecules and radicals R- formed from them. It is seen that this 
difference ranges from 180 to 280 kJ/mol, that is, very significant 


ID RR RO H CH, CHOH H,O  (CH44COOH 
AH gy, kVmol........... 0.0 -74.8  -201 -241.8 -267 
AHg., kV/mol............ 218 1463 B 39 -81 
AHy AHgy, kJ/mol. 218 221.1 (214 280.8 186 


The high chemical reactivity of free atoms and radicals in various chemical reac- 
tions is one of the reasons for which radical chain reactions occur much more rapid- 
ly than the direct molecular transformation of reactants into products. Although rad- 
ical formation is the endothermic reaction but, when appeared in the system, radicals 
rapidly enter into the reaction, and each radical induces the chain of transformations. 


10.2.2. Rule of conservation of orbital symmetry 


One more reason for which chain reactions have an advantage of molecular reac- 
tions is the restrictions, which are imposed on the elementary act by the quantum- 
chemical rule of conservation of symmetry of orbitals of the bonds, which undergo 
rearrangement in the reaction. If this rule is disturbed, the reaction, even if it is 
exothermic, requires a very high activation energy to occur. For example, the reac- 
tion 


H, + CL — 2HCl 


is exothermic (AH — -181 kJ/mol) but its activation energy (according to the calcu- 
lation) is very high (about 150 kJ/mol). At the same time, the thermoneutral reaction 


Cl+H, > HCI-H 


occurs with an activation energy of only 23 kJ/mol and a rate constant of 8-10? (mol 
s) (300 K) because in this act the products conserve the symmetry of orbitals of the 
reactants. According to the rule of conservation, the reaction is allowed and occurs 
with a low activation energy (if it is exothermic) if the symmetries of orbitals of the 
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cleaved and formed bonds coincide. If this symmetry is disturbed, unoccupied high- 
energy orbitals of reactants should participate in the formation of the transition state, 
and this results in a very high activation energy of transformation. For example, the 
reaction 


RH + O, > ROOH 


is forbidden by the rule of conservation because the oxygen exists in the triplet state 
and the formed hydroperoxide is in the singlet state, that is, the spin of the system is 
not retained. The reaction of this type can involve singlet oxygen. In the reaction 


Hz +h — 2HI 


the symmetry of orbitals is also disturbed: the orbitals a, and b, overlap. In the tran- 
sition state these orbitals are mixed (Fig. 10.1), which results in the high activation 
energy of this reaction. A similar situation takes place for the reactions H5 + Clo, H3 
+ Bro, N; + Oy, CIO + CIO, N, + Hy, Cl, + CO, and many others. In the case of reac- 
tions involving free atoms and radicals, the symmetry of orbitals in reactants and 
products remains unchanged because a species with an unpaired electron also has one 
unoccupied bonding orbital, which provides non-overlapping of the orbitals during 
the formation of the transition state. 


10.2.3. Configuration of transition state 


In abstraction reactions, atoms and some radicals have one more advantage over 
molecules. When two reacting species form the transition state, the fragments of 
these species arranged near the reaction center are repulsed. The repulsion energy 
depends on the configuration of the transition state. In reactions of X atom abstrac- 


hab =———— = 
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Fig. 10.1. Diagram of molecular orbitals for the reaction IT + b. 
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tion from the X—R molecule, the minimum repulsion is provided by the linear con- 
figuration of the transition state. This configuration is possible during the attack at 
the R—X bond of the atom or alkyl radical. As a rule, in reactions between mole- 
cules more compact nonlinear configurations appear, which increases the activation 
energy due to a higher repulsion energy of fragments of molecules in the transition 
state. 


10.3. Kinetic regularities of chain reaction 


Each particular chain reaction has its specific features. However, all of them have 
common features and kinetic regularities resulted from the chain mechanism. In this 
section, we consider the main of them using the following hypothetical scheme as an 
example (1 is initiator, A and B are reactants, X: and Y: are active sites, and Z is prod- 
uct): 

J+»; 

t+A>X 

X+B—2#5Z+Y 

Y+A—#>Z+X 

X+XK—> 

X+Y¥—2> 

Y +Y —— } Molecular products of chain termination 
Xe, 


oe" cd. 
YyY¥> 


The scheme will be analyzed in the quasi-stationary regime with respect to X- and 
Y- where the initiation and chain termination rates are virtually equal. 


10.3.1. Interrelation between reaction rate and character of 


chain termination 


Chain termination can occur through different ways. An active site can decay on 
the wall of the reaction vessel or in the bulk by the reaction with an inhibitor. For 
example, in the chain reaction of hydrogen with chlorine in the presence of oxygen, 
the chains decay in the reaction 
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because the C102- radical does not participate in chain propagation. In these 
cases, if chains are not terminated on the X: sites in the reaction of a first order (in 
the bulk or on the wall), the inequality v; = kẹ [X-] is fulfilled in the quasi-stationary 
regime, and the chain reaction rate takes the following form: 


Vv, =2k, k’ IBY, (10.1) 


If chains are terminated in the bulk on inhibitor molecules, then ky = Aj,y{[InH], 
and if termination occurs on the reactor wall in the kinetic regime when chain termi- 
nation is not limited by diffusion of active sites centers to the surface S, then k, = 
ks(S/V) s ' where ks is the specific rate of chain termination on the surface. 


A different dependence is obtained when chains are terminated in the reaction of 
a second order. For chain termination in the reaction X- + X- in the quasi-stationary 
regime, the initiation rate v; = K[X T 


v,*2k (k [BW (10.2) 


that is, vz ~ V. In the general case, chains can terminate in parallel by reactions of 
the first and second orders. In this case, v; = 2k [X] + k,[X-], and the dependence 
of v; on v, is described by the expression 


; . & 
Y py = Sg Ka (10.3) 
v 2k. k. IB] 


at low v; the rate vz ~ v, and at high v; the rate v; ~ v^. If we introduce the notion 
of an order of chain reaction with respect to initiator (v; ~ [I]) and determine this 
order through 


n; = dinvz/din[T] = dinvz/dinv; (10.4) 


then n; = 1 for chain termination according to the first order and n; = 0.5 for chain 
termination by the second order. If chains terminate in parallel in reactions of the first 
and second orders, the inequality 1 2 n; 2 0.5 is fulfilled and n; depends on the v; 
value. 


10.3.2. Chain length 


An important characteristic of the chain process is the chain length, viz., the aver- 
age number of cycles of radical transformations of reactants into products, which are 
caused by one active center appeared in the system. The chain length is v = vy/v; = 
VA/v;. It depends or does not depend on v,, which is due to way of chain termination. 
When chains terminate on the X- centers according to the first order (see Eq. (10.1)), 
the chain length looks as follows: 
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v = kyl ix) (10.5) 


that is, is independent of vj. When chains terminate on the X: centers in the bimole- 
cular reaction (see Eq. (10.2)), the chain length is 


v= 2k, (2k, ) ^|B]v/" (10.6) 


that is, decreases with an increase in v,. In the general case, when chain termination 
occurs in parallel via two channels, v and v; are related by the correlation 
[B] _ k, k 


V, 
s E Ly 10.7 
v 2k. AK. [Bl P 


px 
and at low v; values when v; << 2kpxk’ xk | [B], v is independent of v;, and at high v; 
(v; > 2kpxk Vk ^ [BD the chain length decreases with an increase in v;. For short 
chains, the contribution of initiation to the overall process becomes noticeable, and 
the reaction rate should be written in a more complete form, namely, 


Va 7 V, tk, (2k, )' "^ [BIv/" (10.8) 


With increasing the initiation rate, [X-] becomes so high that their recombination 
occurs more rapidly than chain propagation. Under these conditions. the chain 
process is transformed into the non-chain radical reaction. This transition takes place 
when the condition is fulfilled 


v, 2k, (2k, ) [B] (10.9) 


On the other hand, one can experimentally observe the chain reaction when v4 = 

= 1/2vz = v is higher than some minimum detected value Vp; to which V; min COT- 
PREDA Therefore, there is a range of v; in which the chain reaction can be studied, 
and this range is determined by the inequality 


Vimin < V, < kax Qk, J [BI (10.10) 


10.3.3. Limiting step of chain propagation 


In the quasi-stationary regime at long chains, the rates of the first and second 
steps of chain propagation are virtually equal: ,,[B][X-] = [AY]. If k,,[B] << 
k,,{A], then [X] >> [Y-] and chain termination occurs only in reactions involving X-. 
Assume that chain terminate only by reactions of a first order. Then in the quasi-sta- 
tionary regime v; = &[I] = K'4[X-], and the rate of formation of the product is 
described by formula (10.1), i.e., is proportional to the concentration of reactant B. 
If, on the contrary, £,,[B] >> k,,[A], so that the chains terminate only in the reaction 
involving Y-, then vz ~ [A]. Thus, the rate of chain reaction is proportional to the 
concentration of the reactant with the corresponding active center reacts most slow- 
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ly. This step of chain propagation is limiting. For the most rigid derivation of the cri- 
terion of the limiting step of the chain process, let us consider the general case where 
both centers participate in chain termination via the reaction of a first order. In this 
case, vj = K ,[X:] + k’y[Y-] and 

= 2kprkpl AJ[B]V/(kpxk ,[B] + kpk [AD (10.11) 


PX py 


If kok [A] >> k,,k’ ,[B], then vz ~ [B] and the inequality written in the begin- 
ning is the criterion of the fact that the step X- + B limits chain propagation. For chain 
termination in reactions of a second order, the criterion of the limiting step gains the 
e of the inequality Kiky[A] >> kk, [B]; in this case, the inequality 

kp [AD? >> Kylkp {By is sos usually fulfilled. Evidently, changing the ratio of 
seta ee of séactanis; we can transit from one limiting step to another. 


10.3.4. Reversible step of chain propagation 


One of the steps of chain propagation can be reversible. This substantially reflects 
the kinetics of the process. Assume that the first step of chain propagation is 
reversible 


X4BgcE3Z Y: 


pz 


Then as Z accumulates, the equilibrium is shifted toward reactant B. The reaction 
rate measured from the accumulation of Z in this reaction is the following: 


vz = ky [BI ]- &, [ZY 1k, [AY = 


= 1+ k, [A] k B k' I 
(| e Ak, IZ] ox [Blv (^, J (10.12) 


Evidently, in this chain reaction the rate of the process decreases with the accu- 
mulation of product Z, and its introduction into the initial mixture of A and B also 
decreases the initial reaction rate. 


10.3.5. Variable initiation rate 


The initiation rate, which remains unchanged during experiment, can be devel- 
oped by photochemical or radiochemical radical generation. When initiator I is a 
source of radicals, which decomposes to radicals with the rate constant ką, so that k; 
= 2ek,, where e is the probability of escape of radicals into the bulk from the liquid 
cage, then the initiation rate decreases as the initiator is consumed 


v; = 2ekg{Uoexp(-kyt) = k[I],exp(-Kgt) (10.13) 


Kinetic regularities of chain reaction 329 


If chains terminate by the reaction of a first order on centers X-, the kinetics of 
formation of product Z is described by the equation 


[Z] = [Zh + AIZ]-[1 - expC-Xat)] (10.14) 
where A[Z].. = 4ek Calk [BliT], is the limiting degree of conversion , which is provided by 
the introduced initíator seeding. 


For the bimolecular chain termination on radicals X-, we obtain the expression 
[Z] =[Z], + A[ZL.(1- exp(— 0.5k 0], 
AIZ], = 4k x (ek,k, ) ^ (BIT, (10.15) 


Chain generation sometimes occurs with a sufficient rate due to the dissociation 
of one of the reactants. This reflects the kinetic regularities of the chain process. 
Assume that the reactant A = X», v; = 2k [A], and chain termination occurs due to the 
recombination of X-. Then the reaction rate 


Va = kp [BIKA AN 2k)? (10.16) 


and the kinetics of A consumption in the equimolar mixture ([A], = [B],) has the 
form 


[A] - [A1,(0.5£,. ky? K^ [A]? t+) (10.17) 


It is characteristic that the rate of chain process depends on both the concentra- 
tion of B (the step X- + B limits chain propagation) and the concentration of A due 
to its participation in initiation. For linear chain termination, v; ~ [A] and v ~ [A][B]. 
If reactant B genetates radicals and participates in the limiting step of chain propa- 
gation, then v ~ [B]" ^orv- [B], depending on the character of chain termination. 


10.3.6. Establishment of quasi-stationary regime 


The chain reaction needs some time to achieve the quasi-stationary regime. This 
time depends on the character and rate of chain termination. If chain propagation is 
limited by the step X- + B, and the chains terminate in the reaction of a first order, 
then the kinetics of increasing the concentration of active centers X: is described by 
the equation 


[X] = v( 4) [1 - exp(-F’ 45] (10.18) 


and the time of establishment of [X], = VAR uy. depends only on k’,,. During the 
time equal to 3(&' y ' the concentration of X: reaches a value of 0. 95[X-],.. 


For the bimolecular mechanism of chain termination, the quasi-stationary con- 
centration of X: depends not only on ka but also on the initiation rate 
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Cla 7 (72k) 
and the kinetics of achievement [X-],, is described by the equation 
[X] = IX], th[2(2v, k)? ] (12.19) 
It can be accepted that the quasi-stationary concentration of X: is achieved dur- 


ing the time 1.5(2V;k„) 7. At v; = 107 mol/(1 s) and kj, = 10? I/(mol s) this time is 0.1 
S. 
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Chapter 11 


Oxidation of organic compounds by molecular oxygen 


11.1. Elementary steps of chain oxidation 


11.1.1. Chain generation 


Liquid-phase oxidation of organic compounds is studied in laboratories at 300- 
500 K. Under these conditions, organic compounds are quite stable, and their decom- 
position with dissociation at the C—C bond and in the reaction 


RH+RH > 2R+H, 


does not virtually occur. 


Chain generation in the absence of initiating additives and those formed by 
hydroperoxide oxidation occurs via the following reactions involving dioxygen. 


1.Via the bimolecular reaction of the weakest C—H bond with dioxygen 


p dd R * HO. 
RH* 0, Z— —* R + HO, 


E ROOH 


This reaction is endothermic because Dg. 4; > D,, , and occurs slowly with the 


H-O, 
activation energy close to the enthalpy of the reaction 


E; = Dg. - 221 kJ/mol, (11.1) 
logkc_y (403 K) = 7.78 - 0.044Dg.. (11.2) 


(where kc__y is referred to one C—H bond), the reaction occurs in a non-polar hydro- 
carbon medium. Dioxygen reacts with one C—H bond of cyclohexane with kc |. = 
1.5.10? [/(mol s) (403 K) and with the C—H bond of cumene with kcy = 2.5.10? 
l/(mol s), with the C—H bond of cyclohexene (in the a-position to the double bond) 
with kc. 4 = 13.107 l/(mol s). Since the transition state of this reaction is polar (its 
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configuration is close to that of R: + HO»), in polar media the reaction occurs more 
rapidly; a linear dependence is observed between logk, and the parameter (€ - 1)/(2e 
* 1). The reaction of polyatomic esters with dioxygen exhibits the effect of multidi- 
pole interaction: the greater the number of ester groups in the molecule, the lower the 
reactivity of each group in the reaction with dioxygen due to the dipole-dipole inter- 
action of the polar reaction center with polar ester groups. 


2. In the oxidation of easily oxidized compounds with weak C—H bonds, chain 
generation proceeds via the trimolecular reaction 


2RH «O0, > 2R+H,0, (3) 


This reaction is endothermic, AH; = 2Dg 4 — 570 kJ/mol. The rate of radical 
generation in this reaction is v; = kh[RH] O]. A trimolecular reaction is the reaction 
with concerted bond cleavage. In the transition state two C—H bonds are simultane- 
ously cleaved and two O—H bonds are formed, i.e., the concerted motion of two H 
atoms, two O atoms, and two C atoms takes place. This concerted motion requires a 
higher activation energy; therefore, E; > AH. Below we present the k, values for a 
series of compounds. 


RH AH, kJ/mol ks, /(mol? s) (400 K) 
Tetralin 80 3.5-10°exp(-86.5/RT) = 1.710? 
Indene 70 3.9-10°exp(-78.5/RT) = 2.1-107 
Cyclohexadiene 1,3 70 7.1:10°exp(-74.5/RT) = 1.3:10? 
1,1-Dibutoxyethane e 5.2:10°exp(-83.6/RT) = 6.1-10? 
Crotonic aldehyde = 5.0-10)exp(-63/RT) = 2.9:10° 


It is seen that the activation energies somewhat exceed AH, and the pre-expo- 
nential factors are much lower than the frequency factor of triple collisions (~10"° 
(mol? s)); both these circumstances are due to the concerted bond cleavage. The 
trimolecular reaction can occur either through triple collision or in two steps through 
the preliminary formation of the complex 


RH +O, @ RH.O, RH..0,+RH >R +H ,«R 


It is known from spectroscopy of solutions that O, forms donor-acceptor com- 
plexes with x-orbitals of aromatic hydrocarbons and unsaturated compounds. 
However, such complexes cannot be precursors of the transition state of the reaction 
of O, with C—H bonds. 


As shown by the quantum-chemical analysis of the CHy4...O pair, dioxygen 
forms an unstable complex with methane, which is characterized by the right angle 
H—O—O, an H...O distance of 2.0510 m, AH = 2 kJ/mol, and charge transfer 
from O to H by only 2-10? electron charge. Therefore, for reactions in solution it is 
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hardly possible presently to distinguish the triple collision and the bimolecular reac- 
tion of RH with the short-lived encounter complex RH.O,. Both O—O and C—H 
bonds are non-polar, and the final reaction product H,O, is polar. Reaction (3) is 
endothermic, and the transition state of this reaction is polar according to the 
Hammond postulate. Therefore, in the polar medium the reaction should occur more 
rapidly, which agrees with the experimental data: for benzaldehyde at 303 K k, = 
5.410? in CCl, and 1.05-10 /(mol? s) in acetic acid. 

In an oxidized compound where chain generation occurs in the reaction with Oy, 
reactions (2) and (3) occur simultaneously. The trimolecular reaction will predomi- 
nate when k3[RH] > kz. The activation energy is E; = AH; = Dg. 4 - 221 kJ/mol, and 
E; = AH; + AE; = 2Dg. a — 570 + AE3, where AE; is the additional energy barrier 
caused by the concerted bond cleavage and, according to the oscillatory model, for 
this reaction 


AE; = 2.3RTlog(nE,/3RT) (11.3) 


For E; = 80 kJ/mol at 400 K AE; = 12 kJ/mol. The pre-exponential factor in the 
hydrocarbon medium for the bimolecular reaction is 45 = 11.2+2.2 (for 15 hydrocar- 
bons and esters) and is much lower for the trimolecular reaction: 44 = 4.71.2 (for 9 
hydrocarbons). The condition [RH] > k is reduced to the following inequality for 
Dg... y (T = 400 K, [RH] = 10 mol/l, E; ~ 100 kJ/mol): 


Dry € 344310 kJ/mol (11.4) 


Experimental data agree with this condition. The polar medium accelerates reac- 
tion (3) to a greater extent than reaction (2). 


For the reaction of ethylbenzene with dioxygen it was established that the rate of 
chain generation was vj, = k[RH][O;T , and the following trimolecular reaction was 
proposed: 


PhCH,CH, +20, — PhCH - CH ,+2HO . (4) 


which occurred with the rate constant k4 = 6.0-108exp(-10°/R7) P/(mof? S). 


2. Vinyl monomers react with dioxygen via the bimolecular reaction involving the 
double bond 


XCH = CH, +0, — XCHCH,00 —2—»XCH(OO)CH 00 (5) 


For example, styrene reacts with k; = 3.5:10!! exp(-125/RT) V(mol s). The acti- 
vation energy of this reaction is close to its enthalpy AH. This reaction also exhibits 
the effect of multidipole interaction: dioxygen reacts much more slowly with the 
double bond of polyatomic acrylic ester. 


All reactions of chain generation are endothermic and occur with sufficiently 
high activation energies. On contact with air, the concentration of dissolved dioxy- 
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gen in organic compounds is low (12:10? mol/D), so that the chain generation rates 
at moderate temperatures are low (10°10? mol/(1 s) at 400 K). 


11.1.2. Reactions of alkyl radicals with dioxygen 


The addition reaction of R: to O» 
R+0, > RO, (6) 


is exothermic: for primary, secondary, and tertiary alkyl radicals AH, = 11849 

kJ/mol, for allyl and benzyl radicals the enthalpy (by the absolute value) is much 

lower and depends on the strength of the C—H bond of the corresponding RH 
-AHg =D 


R-O,: 


= Dg y - 274 kJ/mol (11.5) 


This results in the situation that for hydrocarbons with the weak C—H bond this 
reaction occurs as a reversible reaction. For triphenylmethyl radicals the equilibrium 
constant is Ks = 485 l/mol (373 K), so that [R-/[RO, ] = 1 at [O5] = 2-10? mol/|, that 
is, the concentration of O, in the hydrocarbon contacting with air. Reaction (6) 
occurs very rapidly: in the gas phase with a constant of 109-10? l/(mol s), and in the 
liquid phase with a diffusional rate constant of 10°-10° l/(mol s). 


Along with the addition reaction, dioxygen enters the abstraction reaction with 
alkyl radicals similar to the disproportionation of radicals 


O, +CH,CH, ^ HO,* CH, «CH. (7) 


This reaction occurs much more slowly that the addition reaction. It plays a 
noticeable role in the high-temperature gas-phase oxidation of hydrocarbons with 
weak C—H bonds. This results in the parallel formation of ROOH and H5O; through 


RO, and HO, 
ho yore CL (RÓj) 
00 
* O; © s HO; 


The rate constant k; = 10° l/(mol s) (323 K), E; = 30 kJ/mol, and the higher the 
temperature, the higher the k/k ratio. 
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11.1.3. Reaction of RO; with C—H bond 


This reaction occupies the central place in the chain oxidation of organic com- 
pounds 


RO, + RH ^ ROOH +R 


In most cases, this is precisely the reaction that limits chain propagation and 
determines the oxidation rate. Since the strength of the O—H bond in hydroperoxide 
is independent of the structure of the alkyl substituent R and even of the replacement 
of R by H, then reaction (2) is exothermic for hydrocarbons with Dg. 4 < Dgoo = 
365 kJ/mol (olefins, alkylaromatic hydrocarbons) and endothermic for hydrocarbons 
with Dg |. > 365 kJ/mol (paraffinic and naphthenic hydrocarbons). The activation 
energy of this reaction is related by a linear correlation to Dg 


Eg = 0.55(Dp_ - 144) kJ/mol. (11.6) 


The ionization potential of RH (Iry, eV) and the electron affinity £4 (eV) of RO, 
are significant for alkylaromatic hydrocarbons, as well as the steric factor (Vp is the 
substituent volume) for the attacked o-C—1H bond, so that kg at 348 K depends on 
these factors as follows: 


logks = 23.03 - 0.081Dg 4 + 31.48/(Igy - E4) - 0.96Vp (11.7) 


The experimentally observed activation energies E change in the interval from 78 
for the reaction of R’CH; + RO; to 20 kJ/mol for the reaction of RO, with 9,10- 
dihydroanthracene. The formation of the RO>...H...R transition state is associated 
with the entropy loss; therefore, 4; < 10’ l/(mol s), for the reaction of RO, with the 
C—H bond of paraffinic hydrocarbon logAg = 9.0::0.2, and for the reaction of RO, 
with the «-C—H bond of unsaturated or alkylaromatic hydrocarbon logAg = 8.0+0.3. 


Radicals RO», primary and secondary alkylperoxyl radicals are close in activity, 
and tertiary radicals are by 4—8 times less active because of steric hindrances, which 
are created in the transition state by three alkyl groups; for tertiary RO the above 
average Ag values should be decreased by 6 times. Peroxyl radicals of aldehydes 
RCOOO possess very high activity, for which the kg values being by 3—4 orders 
higher than those for (CH4),COO at 300 K. Since the RO, radical is polar, its attack 
to the C—H bond of a polar molecule (alcohol, ketone, efc.) results in the addition- 
al dipole-dipole interaction, which changes both Eg and Ag. In the reaction of RO, 
with polyfunctional compounds the multidipole interaction appears, which changes 
the kg values to this or another side (see Chapter 6). The medium affects the reactiv- 
ity of peroxyl radicals. In solvents with O—H groups, hydrogen bonds appear, which 
decreases the activity of RO >. In addition, RO, and the transition state are solvated 
by polar molecules. Donor-acceptor complexes appear in aromatic solvents. 
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11.1.4. Isomerization of peroxyl radicals 


The free valence of the peroxyl radical attacks both the C—H bond of another 
molecule and the C—H bonds of the radical if they are accessible for the attack. This 
isomerization results in the transformation of RO» into the alkyl radical, for exam- 
ple, 

OÔ H OOH 


| | , 
(i cante a EH (9) 


Under the oxidation conditions, this reaction affords diatomic hydroperoxides, 
whereas reaction (8) gives monoatomic hydroperoxides. The analysis of geometry of 
the transition state for this isomerization showed that cyclic structures with one and 
two intermediate carbon atoms are formed without a substantial deformation of bond 
angles, that is, the attack should occur predominantly at the B- and y-C—H bonds. 
The attack to the a-position is very hindered due to the strong deformation of band 
angles between the atoms forming the cyclic structure in the transition state. This 
agrees with the experimental data presented below (n is the number of CH; groups 
in the (CH3),C(COO-)(CH),CH(CH;), radical, ko are presented at 373 K, kg and Ao 
are ins’, and Ey are in kJ/mol). 


n ko Es log4s 
0 0.2 94 12.5 
l 18 73 11.5 
2 8 71 11.0 
3 1 79 11.0 


Under oxidation conditions, this isomerization is a stage of intramolecular chain 
propagation. Competition between reactions (8) and (9) depends, naturally, on the 
structure of hydrocarbon and its concentration: vs/v9 = kg[RH/ko. The ratio Kg/kg = 
0.024 I/mol for 2,4-dimethylpentane and 0.71 1/mol for n-pentane (373 K), i.e., in 
hydrocarbons with two (or more) tertiary C—H bonds in the B- and y-positions the 
intramolecular attack of RO- is more energetic. 


11.1.5. Addition of RO., at double bond 


Peroxyl radicals enter into the addition reaction with unsaturated compounds: 
RO, + CH, = CHX 5 ROOCH CHX (10) 


Reactions (6) and (10) alternate to give polymeric peroxide. The more stable the 
alkyl radical formed due to addition, the faster the addition reaction. Below we pres- 
ent the ko values (l/(mol s)) for several monomers at 303 K. 
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Monomer... Vinyl acetate Methyl acrylate Methyl methacrylate Styrene o-Methylstyrene 
kigeni 0.002 0.02 0.08 1.3 2.9 


The kj, value also depends on the ionization potential of the double bond: the 
higher the ionization potential, the lower kj. It is most likely that in the transition 
state a considerable transfer of the electron density occurs from the double bond to 
the oxygen atom of the attacking peroxyl radical. For the same reason, acylperoxyl 
radicals with a higher electron affinity add to the double bound by 2—3 orders of 
magnitude more rapidly that alkylperoxy! radicals do. The steric factor also affects 
addition: the bulky substituent in the a-position to the double bond impedes the addi- 
tion of RO». In the reactions of RO» with polyfunctional unsaturated esters, the 
effect of multidipole interaction is manifested: polyesters (calculated per fragment) 
react more slowly than monoesters (see Chapter 6). 


In oxidation of many unsaturated hydrocarbons, both reactions (abstraction and 
addition) occur in parallel to give a mixture of hydroperoxides and dialkyl or 
polyalkyl peroxides. The yields of the addition products of RO-, to the t-C—C bond 
of olefins are presented below for a series of olefins. 


Olefin........ Ethylene Propylene Hexene-1  Butene-1 — Cyclohexene 


T; Ku 383 383 363 343 333 
Yield, 96... 100 50 33 26 4.4 


The alkyl radicals formed due to the addition of RO», to the double bond either 
react with O; (reaction (6)) or decompose to form the oxide 


E Kiis . " 
ROOCH,CHX =! RO * CH, CHX a1) 


For many monomers such a decomposition occurs rather rapidly and successful- 
ly competes with reaction (1) 


Monomer...... Styrene a-Methylstyrene — 2-Butene — Trimethylethylene 
T; Kose wiisnce 323 323 363 333 
NN 7.610 6.8:10* 9.1-10* 6.7.10 
Oxides, whose yield depends on the oxygen pressure, are formed in parallel with 
alkyl and hydroperoxides due to this decomposition during olefin oxidation. 
The oxidation of 1,2-substituted ethylene derivatives proceeds through the 
decomposition of the peroxyl radical to olefin and HO-; 


HO, + R „CH = CHR, > R,(HOO)CH -CHR , (12) 


Ry (HOO)CHCHCHR ,,—-» R_,(HOO)CHCH(OO)R | (6) 


Q 
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R,,, (HOO)CH~ CH(OO)R ,, > HOOCR ,,- CHR 4 HO (13) 


a) 


This results in the development of oxidation chain through the HO- radicals, as 
in the case of cyclohexadienes. Alcohol oxidation occurs similarly where the decom- 
position reaction occurs in parallel with reaction (14) 


R,C(OH)OO—**> R C - 0+HO. (14) 
The decomposition rate constants for these radicals at 295 K are presented below. 


RO,......... CH,CH(OH)OO  (CH44C(OD)OO  (CH45C(OH)OÓ 
Kar Son 52 190 665 


Decomposition occurs with sufficiently high activation energy, £4 = 56.4 kJ/mol 
in the case of RO», of isopropanol. The isotope effect (ky/kp = 3.5) indicates the 
abstraction of H in the transition state. 


11.1.6. Disproportionation of peroxyl radicals 


ROOH formed in oxidation are intermediates and undergo decomposition. 


These and other decomposition reactions will be considered in Section 11.3. 
Chain termination in oxidized hydrocarbons in the absence of inhibitors occur via 
bimolecular reactions 


R +R > RR or RH + Olefin (45) 
R+RO, > ROOR (16) 
RO, + RO, — Molecular products (7) 


Reactions (15) and (16) occur in a solution with diffusional rate constants, and in 
the gas they occur with the frequency of bimolecular collisions (at rather high pres- 
sures). Under conditions of liquid-phase oxidation (laboratory and industrial), the 
condition [R-] << [RO-;] is usually fulfilled, so that chain termination occurs mainly 
by reaction (17). The mechanism of this reaction is rather complicated and includes 
several stages 


2RO, z2 ROOOOR (18) 
RO,R 5 2RO +0, (19) 
RO,R > ROH+0,+ R' COR" (20) 


2RO- — ROOR or ROH +R’COR” (21) 
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2RO-— 2RO (22) 


The contribution of stages to the overall process depends on the structure of R. 
For tertiary RO», stage (20) does not occur and the product of stage (21) is peroxide. 
Under conditions of equilibrium of stage (18), the total (measured in experiment) 
constant is ky = Kigkyoko1(koy + o3) !, whereas at k18 << kig fi; = Kigkaa (hoy + kop)” 
For tertiary RO- 2 disproportionation occurs rather slowly. For example, at 303 K for 
(CH;);COO- 2k, = 1.5:10*, and for Ph(CH;),COO- 2k;; = 6. 10° (mol B Primary 
and secondary RO:, react inch more rapidly: with rate constants of 105-10 I/(mol 
s). For example, for the cyclohexylperoxyl radical 2k,7 = 7. 10’ exp(-6.7/RT) = 4.7- 10° 
l/(mol s) (300 K). For secondary and primary RO-, the main stage of transformation 
of tetraoxide is reaction (20), so that kj; = Kgkoo(k ig + bo. and since kjg >> kap 
kız7 = kooky. Particular stages are characterized in more detail in Chapter 8. Note that 
there is another concept of the occurrence of stage (20) as a multistage reaction 


HROOOORH z2 HRO, + HRO-— HROH + ROOO 
ROOO OR 20-0, 


This scheme explains, in particular, the formation of HO, during the dispropor- 
tionation of RO; 


HRO,HRO-— HROOOH +R'=0 
HROOOH  HRO: * HO, —5 R' =0 +H,0, 


The presence of polar groups accelerates, as a rule, the disproportionation of per- 
oxyl radicals. 


11.2. Kinetics of initiated oxidation of organic compounds 


In the presence of the initiator I or under the initiating action of light or radiation, 
chains are generated with the rate v,, and the oxidation of RH proceeds as a chain 
process including reactions (1)}—(6) (see Section 13.11). Usually v; is so high that the 
decomposition of ROOH to radicals insignificantly contribute to initiation, so that 
during the experiment v; = const, and oxidation develops as a chain non-branched 
reaction. 


The reaction of R- with O, occurs, as we see, very rapidly, and in the presence of 
dissolved dioxygen ({O] > 107 M) [R] << [RO-,]. Therefore, reaction (8) limits 
chain propagation; chain termination occurs virtually only in reaction (17). In the 
presence of an initiator, as a rule, hydroperoxide decomposition does not play a 
noticeable role, so that v;  &j[I]. In the quasi-stationary regime, v; ^ kj; [RO- oi and 
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for long chains (kj, [RH][ RO:;] >> vj) the rate of chain oxidation is the following: 
v-a[RH]v", a=k (2k, ) ? (11.8) 


This formula was repeatedly verified and confirmed by a large body of experi- 
mental material. The deviation from the linear dependence between v and [RH] is 
observed only when either RH or solvent have polar groups, which affects the sol- 
vation of the transition state and kg and k,7 values. In the case where chain propaga- 
tion proceeds via reactions of intermolecular chain transfer (constant kg) and 
intramolecular isomerization of RO- (constant kg), the equation for v takes the form 


v = (k, [RHB&,)2&k,J ^ v^ (11.9) 


i 


In the case of short chains, initiation can noticeably contribute to the overall rate 
of the oxidation process, so that in the general case, 


v=v, *a[RH]v. (11.10) 
The chain length is 
v =k [RHI[RO..]/ v, -a[RHYV/? 


so that with an increase in the initiation rate v decreases, and under the condition v; 
2a [RH] oxidation proceeds as a non-chain radical process, among the products of 
which compounds formed in acts of chain termination predominate. The a parameter 
decreases with the temperature decrease. Therefore, for each RH there is such a tem- 
perature Tmin below which at the unchanged v; oxidation already proceeds via the 
non-chain route. Below Tmi are presented for a series of hydrocarbons calculated 
from the a values at v; = 10" mol/(1 s): cyclohexane (364 K), ethylbenzene (283 K), 
tetralin (247 K), and cumene (226 K). 


The quasi-stationary regime of chain oxidation of RH is established within some 
time t. For the lifetime of the peroxyl radical, i.e., the time during which 1 — 
(RO [RO] changes by e dimes, we obtain t = 0. 74(2v;ky7) *. For the interval 
of v, changing from 10° to 10° mol/(1 s) and variation of kj; from 10° to 10° l/(mol 
S) t changes from 0.1 to 100 s. 


If the initiator concentration remains virtually unchanged during the time of 
experiment, then v; = const and oxidation occurs with a constant rate. In fact, the ini- 
tiator is consumed during oxidation, and the initiation rate decreases. If the initiator 
is the only source of radicals in the system, the oxidation kinetics is described by the 
equations (k; = 2ekj) 


[0,]-[O.l,[l-exp(-054,:)), [O Jo -24[RHK; — (1110) 


For a wide variation of the partial pressure of oxygen, such conditions are real- 


Kinetics of initiated oxidation of organic compounds 341 


ized under which reactions (15) and (16) noticeably contribute to chain termination. 
In this case, the oxidation rate depends on the partial oxygen pressure. At a very low 
concentration of dissolved dioxygen, reaction (6) limits chain propagation and chains 
terminate by reaction (15), so that the rate of the chain reaction 


v = ks [O; JR] - £,Qk,. ^ [O,]IV ^ (11.12) 


In a wide interval of changing [Oz], the oxidation rate is related to [O5] and [RH] 
by the correlation (v., = &4(2k,;) IRH] v") 


(0,1 v.) keke , Ke kis [RHP 
mS ] LE EE. [O,] (11.13) 


This rather complicated dependence can be approximated by a simpler formula 
v=v.(1 gro! (11.14) 


B = [O.] at which v = 0.5v., and related to the rate constants of elementary steps by 
the correlation 


B-2(k, kA? k; ki? XRHY( 412k k kJ "?^-1)7 


The RH——O, system is two-phase; RH oxidation is preceded by the dissolution 
of dioxygen. If this dissolution occurs very rapidly, then [O5] = yp(O2), where y is 
Henry's coefficient. However, with decreasing p(O,) and increasing the oxidation 
rate, conditions are realized under which the process of O, dissolution begins to 
influence on the chain oxidation of RH. Oxygen rapidly saturates the thin surface 
layer of the liquid, and O, dissolution in the whole liquid bulk is usually limited by 
the rate of oxygen dissolution over the whole liquid mass by mixing. The rate of O, 
dissolution in RH thus depends on the interface surface, method and intensity of mix- 
ing, and oxygen concentration in the liquid; the dissolution process is described by 
the equation in which K is the specific dissolution rate 


d[O,]/dt = k(Y pg - [O;) (11.15) 
In the quasi-equilibrium regime, the rates of oxygen dissolution and absorption 

by oxidized RH are equal 
K(Y Po, -[O, D = v= a[RH]V^ a * B[O J'Y’ (11.16) 


which results after transformation in the following dependence of v on po, and x: 


Po, p 1 


v (a[RH]v;? - v) an 
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If x is very high, so that [O2] = Ky p, then 


v « a[RH]v/ (14 B /v py, )' 


If, by contrast, x is low, then v = Ky p,,, that is, is limited by the rate of dioxygen 
dissolution. This consideration is approximate (it ignores the oxygen distribution 
over the RH volume) but allows one to estimate immediately from experimental data 
both the kinetic (f) and physical (x) characteristics of the [O,]-dependent oxidation 
process. Henry’s coefficient for various hydrocarbons lies in the interval from 0.05 
to 0.2 mol/(1 MPa) at 300 K. The coupled oxidation of two hydrocarbons is described 
by the same kinetic equations as the copolymerization of two monomers (see Section 
10.3). 


11.3. Kinetics of autoxidation of hydrocarbons in liquid phase 


Hydrocarbons are oxidized without the introduction of a radical source but this 
oxidation occurs with autoacceleration. This autoacceleration was explained in the 
framework of the theory of degenerate-branched chain reactions by the formation of 
an intermediate product, initiator. It was proved in 1930-50 that these products are 
hydroperoxides (see above). The Bach-Engler peroxide theory was thus merged with 
Semenov's theory of degenerate branching. Soviet scientists made the decisive con- 
tribution to the development of this area. 


These reactions became widely studied in 1950-60 owing to N.M. Emanuel’ ini- 
tiation. The first studies of the decomposition of hydroperoxides formed during oxi- 
dation were performed as early as in the thirties: in 1931 H. Wieland and J. Mayer 
studied the decomposition of triphenylmethyl hydroperoxide, in 1935 S.S. 
Medvedev and A.Ya. Pod'yampol'skaya studied methyl hydroperoxide decomposi- 
tion, and in 1939 K.I. Ivanov with co-workers studied the decomposition of a-tetra- 
lyl hydroperoxide. In 1950 V. Langenbek and W. Pritzkow proposed the scheme of 
transformation of intermediate products of paraffin oxidation. A little later (1953) 
I.V. Berezin studied the composition of products and kinetics of cyclohexane oxida- 
tion. 


In 1956 N.M. Emanuel, Z.K. Maizus, and L.G. Vartanyan, using the kinetic meth- 
ods of investigation, studied the sequence of transformations of products in oxidized 
n-decane. The reactions of formation of radicals from hydroperoxides were studied 
in 1950-60. L. Beitman studied the kinetics of oxidation of several unsaturated com- 
pounds and showed in 1953 that ROOH decomposes to radicals by reactions of I and 
II orders. Several reactions of radical formation were discovered and studied in the 
sixties: the reaction of ROOH with the C—H bond of hydrocarbon (Z.K. Maizus, I.P. 
Skibida, N.M. Emanuel, 1960), the reaction of ROOH with the carbonyl group of 
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ketone (E.T. Denisov, 1962), the reaction of ROOH with carboxylic acid (L.G. 
Privalova, Z.K. Maizus, 1964), the reaction of ROOH with alcohol (E.T. Denisov, 
1964), and the reaction of ROOH with the double bond of olefin (E.T. Denisov, L.N. 
Denisova, 1964). Theoretical aspects of the kinetics of oxidation as a chain degener- 
ate-branched reaction were considered in 1959-62. 


11.3.1. Decomposition of hydroperoxides to radicals 


Hydroperoxides formed by oxidation have a weak O—O bond (Do. 9 = 165 
kJ/mol) and in the gas phase they generate radicals in monomolecular decomposition 


ROOH > RO+HO (23) 


In the liquid phase their decomposition to radicals occurs more rapidly and with 
lower activation energy. For example, tert-butyl hydroperoxide in the gas phase 
decomposes with bs = 5.0:10°exp(-158/RT) = 5-10? s", and in a chlorobenzene 
solution ky; 4.0-10'“exp(-138/R7) = 1.8-10° s! (393 K). Mechanisms of hydroper- 
oxide decomposition in organic compounds are diverse. 


1. In saturated and alkylaromatic hydrocarbons hydroperoxides react with C—H 
bonds 


ROOH + HR > ROO+H,O+R (24) 


The weaker the C—H bond, the higher the rate constant. Cumyl peroxide reacts 
with cumene with the rate constant kj, = 5 10’exp(-109/R7) I/(mo! s). 


2. Hydroperoxide reacts with the m-bond of unsaturated compounds; the reaction 
is accompanied by the cleavage of the O—O bond 


ROOH + CH, = CHX — RO - HOCH CHX (25) 


Probably, the reaction is preceded by the formation of a donor-acceptor complex, 
and the elementary act represents the electron transfer from the m-bond to the O—O 
group followed by its homolysis 


$- $4 
ROOH + CH, = CHX z ROOH.. CH. =CHX —ROOH 
CH,CHX > RÒ + HOCH £HX 
tert-Butyl hydroperoxide reacts with styrene with kj; = 1.2:10*exp(-72/R T) l/(mol s). 
The polar structure of the transition state is indicated by the fact that reactions of 


polyatomic unsaturated esters with ROOH exhibit a pronounced effect of multidipole 
interaction: ROOH reacts more slowly with the double bond of polyatomic ester. 


3. Hydroperoxides decompose to radicals through the preliminary formation of 
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an associate by the hydrogen bond 
H 
K | k y : 
2ROOH Z—* ROO--HOOR— ——» RO + HO * RO; (26) 


At low concentrations of ROOH when the fraction of associated molecules is low, 
v; = 2ekK[ROOHJ’ = k[ROOH]}?, and in solutions of ROOH where almost all mol- 
ecules are associated, v; = 0.5ke[ROOH]. The transition of the initiation reaction 
from the second to first order with an increase in [ROOH] is really observed experi- 
mentally, for tert-butyl hydroperoxide 0.5ek = 5.8:10’exp(-96/RT) s. 


4. It is likely that hydroperoxides react similarly with alcohols 
ROOH + R'OH z2 ROO(H)-HOR ' S RO +H,O +R 'O (27) 


The rate of radical formation v; = &[ROOH][R'OH] for [R'OH] < 1 mol/I; at 
higher concentrations v; reaches a maximum and then decreases with an increase in 
[R’OH]. This is likely related to a change in the composition and reactivity of asso- 
ciates of hydroperoxide with alcohol. 


5. Carbonyl compounds also accelerate the decomposition of hydroperoxides, 
which is due to the formation of labile peroxide compounds 


K k - 
D cC=0 *RÜOH RI > C(OH)OOR——> RO*O—=C—OH (28) 


The reaction of tert-butyl hydroperoxide with cyclohexane in a chlorobenzene 
medium is characterized by the constants: K = 7-10 "exp(46/RT) and 2ek = 
3.6: 10" exp(-109/RT) s. 


6. Carboxylic acids also accelerate the decomposition of hydroperoxide to radi- 
cals; the rate of radical formation is v; = ky[ROOH][R’COOH]. It is assumed that 
the reaction is similar to that of ROOH with alcohol 


ROOH + R'COOH z—— ROOH -HOCOR '—— RO+ H O+ R COC (29) 


Thus, in oxidized hydrocarbon where various oxidation products were formed 
and are present, the decomposition of hydroperoxides is parallel to several reactions. 
The question, which reaction prevails, was studied in such processes as the oxidation 
of cyclohexanol and isopentane. 


11.3.2. Kinetic regularities of autoxidation 


As already mentioned, the rate of chain initiation vj; in oxidized organic com- 
pounds RH is low, so that the initiation rate increases with the accumulation of 
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ROOH, and at rather high [ROOH] the decomposition of hydroperoxide to radicals 
becomes the main radical source. If ROOH decomposes to radicals reacting with RH, 
whose concentration at the initial stages is constant, the generation of radicals from 
ROOH can be considered as a pseudo-molecular process with the rate v; = 
k[ROOH], where k; = £4 + kj[RH] + kys[CH)»=CHX]. Since the rate of chain oxi- 
dation v = a[RH]v!” (see equation (13.10) and v; = vj, + K[ROOH], where k; = hy; 
+ (ko4 + Kj S)[RH], for autoxidation 


v = a(v,, + K[ROOH]) [RH] (11.18) 


and in the case where all absorbed oxygen is transformed into hydroperoxide groups 
and the fraction of decomposed ROOH is small, the kinetics of oxygen absorption is 
described by the equation 


A[O, Vt =a[RH]v2 «P^ t (11.19) 
where 


a=kki? , b! =1/4a7k,,[RH]’ 


At a very low a[RH]v/? value (vj, is very low) this equation gains a simpler form 
A[O;] 7 = bt (11.20) 


A diverse experimental material on the oxidation of individual organic com- 
pounds and mixtures of hydrocarbons agrees with this equation. At a comparatively 
high concentration, hydroperoxide decomposes with a noticeably rate via the bimol- 
ecular reaction, the rate being v; — ld ROOHJ. Therefore, the following dependence 
is observed between v and [ROOH]: 


v [ROOH] = d [RH]; + a [RH]; [ROOH] (11.21) 


All dependences considered above were obtained under the assumption that the 
quasi-stationary concentration of RO- is established in the system very rapidly (dur- 
ing the time of heating of the reactor). This is valid only at such a sufficiently high 
Vj, at which the time of establishment of the quasi-stationary state v = 0.74(k17Vio) is 
is shorter than the time of heating. Since the rates of chain initiation during the autox- 
idation of RH are often very low, ty can be rather noticeable value. For example, at 
Vio = 10! (mol s) and kı; = 10° (mol s) ty = 750 s and the time of heating usual- 
ly does not exceed 150 s. In these cases, formula (11.20) gains somewhat different 
form 


A[Oj]? = b(t - x) (11.22) 


The same dependence is observed for inhibited autooxidation (in this case, t = 


JünH]Jv;,). 
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Hydroperoxides in oxidized RH decompose via the following three directions. 
First, they homolytically react with RH and products of its oxidation to form free rad- 
icals. Under the conditions of chain oxidation of RH, this decomposition does not 
result in a decrease in ROOH. Second, hydroperoxides are attacked by various radi- 
cals formed in the system, such as RO-, RO», and R-, entering with them into reac- 
tions of the type 


R + HOOR ——» ROH * RO 


RO + H—C—OOH——» ROH + HÓ * 76-0 


RO, * H—C—OO0H———À ROOH * HO * 77 C—0 


This results in the consumption of ROOH via the chain mechanism. 


Finally, hydroperoxides are transformed into molecular products in heterolytic 
reactions with oxidation products (for example, under the action of acids) by the het- 
erolytic decomposition on the reactor walls, under the action of the catalyst of het- 
erolytic ROOH decomposition, which was specially introduced or randomly gotten 
into the system, and during the reaction in the cage of radicals formed from 
hydroperoxide. Let us consider the kinetics of RH oxidation at deep stages in this last 
case where ROOH decomposes in oxidized RH by the molecular reaction of a first 
order with the rate constant km. In this case (at k,, >> k23), the maximum with respect 
to ROOH is achieved under the condition v = a[RH](kj3[ROOH])'” = K,[ROOH], 
from which [ROOH] mar = a^; &!/? [RHT,, and the kinetics of ROOH formation and 
RH decomposition are described by the equations 


[ROOH] = [ROOH], [1 - exp(-kmt/2)1° (11.23) 
[RH]' 2 [RH]; ^k, a ^k, {t +2k [exp( t) / 2) -1]; (11.24) 


and at rather high t (t >> 2k, ') the kinetics of RH consumption is close to the bimol- 
ecular law 


[RH]! = [RH], +a? knk (t -2k,) (11.25) 


237m 
At deep stages of hydrocarbon oxidation, the self-retardation of the process is 
often observed, which is caused by the following facts. 


1. Such products as acids, hydroxy acids, and keto-alcohols, which result in the 
heterolytic decomposition of hydroperoxides, are formed and accumulated among 
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oxidation products. This is favored by an increase in the polarity of the medium due 
to the accumulation of water and polar oxygen-containing products. Therefore, in the 
above equations (11.23)-(11.25) k,, should be considered as a variable value K,.(1). 


2. The accumulation of various intermediate products results in the situation that 
other radicals, in particular, hydroperoxyl, appear in the system in addition to RO"; 
and RH. They differ in reactivity; the appearance in the system of radicals less reac- 
tive than the initial RO- results in the total decrease in the reactivity of the radical 
mixture, so that the effective value of the parameter a = kgk;}” decreases. 


3. The decrease in the reactivity of all peroxyl radicals is a result of the accumu- 
lation of hydroxyl-containing oxidation products: hydroperoxides, alcohols, acids, 
and water. They form with RO- hydrogen bonds, which, naturally, decrease their 
reactivity. 


4. The oxidation of aromatic compounds results in the accumulation of phenolic 
compounds, which are inhibitors of oxidation (see Section 11.4). Their formation is 
due to the accumulation of acids and heterolytic decomposition of ROOH, for exam- 
ple, 


PhC(CH, ), OHz——29 PhC(CH ,) OOH", > PhOH+ H 9+ (CH ) ÇO 


as well as by the homolytic decomposition of ROOH followed by the addition of the 
active hydroxyl radical to the aromatic ring of RH and its transformation into phe- 
nol, for example, 


PhC,H, +HO  n- HO - PbC H ,—?:—575- HOC H Ç H 4+ ROOH 


Very often all four factors act simultaneously, which results in the self-retardation 
of autoxidation at degrees of conversion of 40-5094. 


11.3.3. Autoxidation of polymers 


The mechanism of autoxidation of solid polyolefins RH has many common fea- 
tures with hydrocarbon oxidation: polymers are oxidized by the chain route; the 
chain develops as alternation of acts of R: with O, and RO-, with RH; in the absence 
of an inhibitor and at a sufficiently high [O;] in polymer, chain oxidation occurs with 
autoacceleration because the hydroperoxide groups that formed are a source of initi- 
ation. However, there are several substantial distinctions. As already mentioned in 
Chapter 6, reactions resulting in polymer destruction play an important role. In initi- 
ated oxidation the main source of destruction is reactions of peroxide radicals, 
whereas in autoxidation the contribution of alkoxy radicals, which decompose in the 
reaction of the type 
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RoRjR4COA Ry + RR4CzO 


D AD G) 


increases. 


The source of macroradicals RO: is macromolecules with hydroperoxide groups 
from which alkoxy radicals are formed in reactions of the type 


ROOH + RH 5 RO+H,O+R, ROOH +R RO +ROH 


The more hydroperoxide groups were accumulated in the polymer, the higher is 
the rate of RO: formation and their contribution to polymer destruction. 


Another distinction of polymer autoxidation from the oxidation of hydrocarbons 
concerns reactions involving alkyl radicals. Under conditions of liquid-phase oxida- 
tion, usually all alkyl radicals are transformed into peroxyl radicals (the reaction of 
R: with O, occurs very rapidly, see Chapter 4). In solid polymer the alkyl macrorad- 
ical reacts with O, much more slowly (see Chapter 6). This results for polypropylene 
(PP) oxidation, for example, in the fact that the following two reactions compete with 
commensurable rates: 


Son i 
qoe 
OOH O;7 CH; CH; 


CH; CH; 


As a result, first, only a part of absorbed dioxygen it transformed into hydroper- 
oxyl groups and a part is transformed into alcohol groups. Second, alkoxy radicals, 
which undergo destruction, appear. In the oxidation of PE, the reactions 


IS i qeu OOH OO. 
. (05) 
—CHCH,CH— —— CHCH,CH— 3—— CHCH, CH— > 


OOH OOH O OOH 


| 
———CCH;CH— ——— CCH;,CH—- * ÒH 


lead to a similar result. 
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Since the competition of the reactions depends on [O;], the kinetics of ROOH 
accumulation depends on p(O;): the higher p(O,), the greater the fraction of absorbed 
dioxygen, which is transformed into hydroperoxyl groups. In addition, the competi- 
tion appears between the reactions 


qon OÒ 
Og | urf 
OOH 27 CH CH; 


~ 


CH; CH; 


Therefore, the composition of hydroperoxyl groups depends on the partial dioxy- 
gen pressure: the higher p(O»), the greater the fraction of block hydroperoxyl groups. 
Block hydroperoxyl groups decompose to radicals more rapidly than single groups. 
Therefore, the higher p(O;), the faster polymer autooxidation even under the condi- 
tions where initiated oxidation is independent of p(O;). 


11.4. Inhibition of oxidation reactions 


11.4.1. Kinetic classification of inhibitors 


Alkyl and peroxyl radicals alternating lead the chain process. Therefore, oxida- 
tion can be retarded by acceptors of both alkyl and peroxyl radicals. Autooxidation 
develops as a self-initiated ROOH forming chain reaction. Hence, autooxidation can 
be retarded by the decomposition of hydroperoxide or decreasing the rate of its 
decomposition to radicals. According to the complicated oxidation mechanism, 
inhibitors in mechanism of their action can be divided into the following six groups. 


Inhibitors terminating chains by reaction with peroxide 
radicals 


Such inhibitors are aromatic compounds with comparatively weak O-—H and 
N-—H bonds (phenols, naphthols, aromatic amines, aminophenols, diamines). 
Compounds of this type possess reduction properties and rapidly react with peroxyl 
radicals. 
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Inhibitors terminating chains by reaction with alkyl radi- 
cals 


They are compounds that rapidly react with alkyl radicals: quinones, imino- 
quinones, methylenequinones, stable nitroxyl radicals, molecular iodine. Alkyl radi- 
cals rapidly react with oxygen. Therefore, inhibitors of this type are efficient under 
conditions where the concentration of dissolved dioxygen in the oxidized substance 
is low. 


Inhibitors decomposing hydroperoxides 


Compounds of this type are substances that rapidly react with hydroperoxides 
without formation of free radicals: sulfides, phosphites, arsenides, etc., as well as 
metal thiophosphates and carbamates, various metal complexes. The reaction with 
hydroperoxide can occur stoichiometrically (sulfides, phosphites) and catalytically 
(metal complexes). 


Inhibitors as deactivators of metals 


Compounds of variable-valence metals decompose hydroperoxides to form free 
radicals, which accelerates oxidation. This catalyzed oxidation can be retarded by the 
introduction of a complex-forming agent, which forms a complex with the metal and 
is inactive toward hydroperoxide. Diamines, hydroxy acids, and other bifunctional 
compounds that form stable complexes with metals are used as inhibitors of this type. 


Inhibitors of cyclic chain termination 


The oxidation of some classes of substances (alcohols, aliphatic amines) gives 
peroxyl radicals, which possess both oxidative and reductive actions. In these sys- 
tems, a several inhibitors terminate chains and are regenerated again in acts of chain 
termination: catalytic chain termination takes place. The number of chain termina- 
tions depends on the ratio of the rates of inhibitor regeneration to its irreversible con- 
sumption. In several cases, multiple chain termination is observed in polymers. 
Inhibitors of multiple chain termination are aromatic amines, nitroxyl radicals, and 
compounds of variable-valence metals. 


Inhibitors of combined action 


Some compounds retard oxidation entering simultaneously into several reactions. 
For example, they react with both alkyl and peroxyl radicals (anthracene, methyl- 
enequinone), decompose hydroperoxides, and terminate chains in the reaction with 
RO: (metal carbamates and thiophosphates). Such compounds are inhibitors of com- 
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bined action. The same group can enter into parallel reactions. For example, both R- 
and RO», react with the double bond of methylenequinone. A molecule often con- 
tains two or more functional groups, each of which enters into the corresponding 
reaction. For example, phenol sulfide reacts with hydroperoxide by its sulfide group 
and with RO-, by its phenol group. Finally, the initial inhibitor and products of its 
transformation can enter into reactions of different types. 


Mixtures of inhibitors often possess a combined action. For example, when phe- 
nol and sulfide are introduced into the oxidized hydrocarbon, the first one retards by 
chain termination in the reaction with RO-, and the second one decreases the rate of 
degenerate chain branching decomposing hydroperoxide. When two inhibitors 
enhance the retardation action of each other, we deal with synergism. When their 
retardation action is simply summated (for example, the induction period under the 
action of a mixture is equal to the sum of the induction periods under the action of 
each individual inhibitor), we have their additive retardation action. If the retardation 
action of a mixture is smaller than the sum of the retardation actions of each inhibitor, 
we have antagonism of inhibitors. 


11.4.2. Mechanism of inhibited oxidation of RH 


The scheme of oxidation in the presence of the inhibitor InH, which reacts with 
peroxyl radicals, and the inhibitor Q, which is an acceptor of alkyl radicals, includes 
several reactions involving radicals In: formed from the inhibitor, namely, reactions 
of radical decay (In: + In-, In: + RO:2) and reactions of chain propagation of the type 
In: + RH, In: + ROOH, and decomposition of In: to the molecule and radical capa- 
ble of propagating the chain. This can be exemplified by the reaction 


CH; O——> CH; +0 Oo 


Being a reducing agent, the inhibitor is oxidized by not only the peroxyl radical 
(this reaction results in chain termination) but also oxygen and hydroperoxide, which 
results in the consumption of the inhibitor without chain termination. Below we pres- 
ent the list of reactions involving an inhibitor; the reactions of R: and RO% in which 
an inhibitor does not participate are considered in Section 11.1 (R’OOR’ is the ini- 
tiator). 


R'OOR'2R'O (d) 
R'O-RHR'OH-«R G) 
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R'O-«InH > R'OH «In (30) 
RO, + InH — ROOH +in G1) 
İn + ROOH — InH * RO, (-31) 

R + InH(Q) 5 RH+ in(RQ) (32) 
RO, +In— ROOIn or other molecular products (33) 
RO, + In  InH + Products (34) 
int+in — Molecular products (35) 
in-- RH > InH+R (36) 

InH + ROOH Free radicals (37) 
InH +0, > In HO, (38) 
InOOR — InO - RO (39) 

in Qti (40) 


Quinolide peroxide InOOR is formed in the addition of RO to 2,4,6-tri- 
alkylphenoxyl radical. Phenoxyl with the alkoxy substituent in the para- or ortho- 
position react in the decomposition reaction (40) to form the alkyl radical and 
quinone. 


Depending on the nature of the inhibitor and oxidation conditions, the mechanism 
of its action can be different. The mechanism can be identified by kinetic data, that 
is, reveal the key reactions, which determine the mechanism of inhibition action. 


Depending on this or another set of key reactions, twelve basic mechanisms can 
be distinguished from the general scheme, each of which contains the minimum set 
of key reactions. Table 11.1 presents these mechanisms, key stages, and expressions 
for the rate and amount of absorbed oxygen at v; = const. 


The type of the mechanism of inhibition taking place in a particular system 
depends on the oxidizability of RH, structure and reactivity of the inhibitor, oxida- 
tion conditions (T, [InH]. [RH], [ROOH], [O;], vj). For example, 2,6-di-tert- 
alkylphenoxyl radicals very slowly react with RH and ROOH and, hence, mecha- 
nisms IV and V are inappropriate for them. Mechanism IX is observed only for phe- 
nols with the alkoxy substituent in the para-position. Mechanisms X-XII are realized 
for acceptors of alkyl radicals, such as quinones and piperidineoxyls. Mechanism IV 
to occur needs a sufficiently weak C—H bond in the oxidized substance and a suffi- 
ciently reactive phenoxyl. In general, it is noteworthy that the strengths of the R—H 
and In—H bonds have the decisive significance for the inhibition mechanism. Table 
11.2 contain the Polanyi-Semenov equations for reactions involving RH, InH, RO-, 
RO-2, and Im, where InH is phenol without zert-alkyl groups in the ortho-position 
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(group A) and with two fert-alkyl groups in positions 2 and 6 (group B). 


Table 11.1. Equations of reaction rate v and oxygen absorption in time A[O»](7) 


at different mechanisms of inhibited oxidation 





Mecha- 
nism Key reactions v A[O;() 
I BRRH(ES) v1 + Es[InHVERHI" (E [RHVE'3))In(1 - at) 
l z k'y, k^, [mH] S 
r+InH(k',, ) a pal |^ E [RH] [RH] | 
n (8),(31) — v( +k [nH ARH] vt- kk; [RH]I( -£/ v) 
IH (8), G1) vk [ RH]/ffs [InH] = k, k} [RHIIn(I -t/ 2) 
IV — (8.GD. KRH) (acv/fissInH — 2v, e(I- 1-7 c) 
(33), (36) 
V 8), (31), &RHKKSIROOH]v/fsInH]?) — VT h TTY 
(8),€ af 31 ]v/fksks[InH] ED 7 ( Vi-t/t) + 
(-31,), (33) 2v,t(I-Vi-1/t) 
VI (8), (31), Ag([RH](v; + 2e37k37 


G) [ROOH]InH] fin) 2v (1 vV1-171) 
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VII (8), 31), kg{RH](v; + 


2esghk3g[O2)[InH ]/fks [InH]) 2v, ( ~J1-t/ t) 


VIE (8), G1), G9) AIRHIv(I + 2ey)fks [nH] ~k CEOSERH]ISQ -1/ 9 


IX — (8, (31), (40) &4[RH](aov/f ifs [InH]) 7 2v,t ( Al-t/ T) 





X (6), (32) k[Oz]v/k 4,[Q] -k, (K'Y [O, ]In(1 —t/ 1) 
XI (09,3), AO; KA RHIv/ Res [InHD — 2 (1 V177) 
(36) 
xi (69,32) —— AO: [ROOHIv/ VE. qo Re 
fe slo? oor wies 


+2v,r( -N1-t/ 1) 


Notes. t = flInH],v;' is the induction period of inhibited oxidation; v, 
refers to t = 0 when [InH] = [InH],. 
Table 11.2. Equations for [ROOH] = f([InH]) at hydrocarbon oxidation in the 
non-stationary regime (x = [InH]/[InH],) 
Mechanism Key reactions [ROOH] a 
II (8,G0)  [InH][I-x-aln(1/) — K[RH]/s[InH], 
IH (8), G1) [InH],aln(1/x) kg[RHV/i3,[InH], 
IV (8,1) — a[InH] (4x) OSR s es Ks ss | [RH] 
v (8), G1) a[InH]," (i-vz) 2kg[RH](/h.31/koskaikas) 
(-31), (33) 
VI (8), G1) [InH],fain(1/x) + b(1-x)]  kg[RH]/k [nH], 
(37) b = 2kgey[RHy/ffoska, 
VII (8), (31), 38)  [InH],aln(1/x) kg [RH]/ks[InH], 
VIII (8, (31), G9)  [InH]oaln(l/x) ^ Xkg[RH](1 + 2e9Y/;[InH], 
IX (8.1, (14) a[InHI^ (12x) ^ (0 fR [RHP a s Ks s) 
X (6), (31) [Q],aln(1/x) ks[O2V ks; [Q], 
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XI (9,G1.(9, — alQh? (=x)? (o£ IQFIRHI/E kk) 
(36) 


XH — (6,G), C3), G3) «Q^ (I- Vx) — 2440: illos)" 


11.4.3.Inhibition of oxidation occurring in the regime of chain 
degenerate-branched reaction 


If oxidation is carried out without an initiator, that is, in the autoxidation regime, 
it occurs with self-acceleration due to the initiation rate increasing during the reac- 
tion. It is very important that the temp of acceleration depends on the rate of chain 
oxidation, i.e., there is a positive feedback between the processes of autoinitiation 
and chain oxidation of RH. This relationship is also manifested in the inhibition oxi- 
dation of organic compounds. 


If in the chain initiated reaction when v; = const the induction period is inde- 
pendent of the efficiency of retardation action of the inhibitor but is determined by 
its concentration, then during autoxidation the inhibitor is more slowly consumed 
when it more efficiently terminate chains because ROOH is more slowly accumulat- 
ed and the retardation period increases. Then the initiated oxidation of hydrocarbons 
is retarded only by compounds terminating chains. Autoxidation is retarded by com- 
pounds decomposing hydroperoxides. This decomposition, if it is not accompanied 
by the formation of free radicals, decreases the concentration of the accumulated 
hydroperoxide and, hence, the autoxidation rate. Hydroperoxide decomposition is 
induced by compounds of sulfur, phosphorus and various metal complexes, for 
example, thiophosphate, thiocarbamates of zinc, nickel, and other metals. 


Inhibited autoxidation is often characterized by critical phenomena reasoned by 
the autocatalytic character of the reaction and mentioned above feedback. Since 
hydroperoxide decomposes during oxidation, two different regime of inhibited oxi- 
dation appear: non-stationary and quasi-stationary with respect to hydroperoxide. 


Non-stationary regime. For the non-stationary regime of oxidation, hydroperox- 
ide is stable and does not virtually decompose within the induction period. This takes 
place when the rate constant of decomposition kg < T’. Evidently, this regime is relat- 
ed to conditions of inhibited oxidation, as well as to the structure and reactivity of 
RH, ROOH, and inhibitor. Since the oxidation of RH and consumption of the 
inhibitor are interrelated, oxygen absorption can be quantitatively related to the con- 
sumption of the introduced inhibitor, using the following equations (Vimy is the rate 
of InH consumption): 


Vj = Vio + k33[ROOH], Vinu Vif. a 1.26) 


v = kg[RH][RO>"] + kz [InH][RO;] (11.27) 
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For each mechanism of inhibited oxidation, [RO-?] can be related to InH and 
ROOH, expressing this relationship mathematically and solving the system of two 
differential equations, which describe oxygen absorption and inhibitor consumption, 
and to express the amount of absorbed oxygen through the amount of the consumed 
inhibitor. For example, in the case of mechanism V when reactions (8), (31), (-31), 
and (33) are key (see Table 11.1), we obtain 


dIROOH] fv | [RH] fk A 
d(nR] ig, k, k, [ROCH] nH] 


[ROOH] = 2& [RH]( fk. ,/ kk, k,, J^ {nH}? -[InH]^) (11.28) 


For each mechanism this relationship has its intrinsic characteristic form. 


Since Vimy = v//f and v; increases during oxidation, the kinetics of inhibitor con- 
sumption is non-linear. In the initial oxidation period vj = Vio/f and Vinn increases 
with the accumulation of hydroperoxide and becomes maximum to the end of the 
induction period. 


Quasi-stationary regime. At rather high temperature or in the presence of a cata- 
lyst decomposing ROOH, hydroperoxide rapidly decomposes, and the quasi-station- 
ary regime of oxidation with respect to hydroperoxide is established in the system 
when the rate of its decomposition becomes equal to the rate of formation. The con- 
centration of hydroperoxide increases during oxidation because retardation weakens 
during the consumption of the inhibitor and the rate of ROOH formation increases. 
The necessary condition for the quasi-stationary regime of inhibited oxidation is the 
following inequality: ks, >> 1, where ky is the total coefficient of ROOH consump- 
tion rate via all directions: decomposition to radicals, decomposition to molecular 
products, decomposition under the action of free radicals. The transition from the 
non-stationary to quasi-stationary regime is associated with the induction period t, 
which depends on the inhibitor and its concentration. This transition sometimes looks 
like the sharp exchange of autoxidation regimes and appears in critical phenomena. 


Critical phenomenon in the inhibited autoxidation of hydrocarbons is expressed 
in the fact that at some inhibitor concentration, which is named critical [InH],, the 
dependence of the induction period on [InH] sharply changes, that is, dt/d[InH] at 
[InH] > [InH],, is much higher than at [InH] < [JnH],,. 


Let us consider mechanism III, key stages (2) and (7). When In: does not partic- 
ipate in chain propagation, chains are linearly terminated and the chain length v is 
independent of v; (see Table 11.1), then 


v = v/v, -k, [RH] fk ,,[InH] (11.29) 


Consider the case of long chains (v >> 1). When the quasi-stationary regime with 
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respect to hydroperoxide is achieved, equilibrium is established between the rates of 
formation and decomposition of ROOH ([ROOH], is the stationary concentration) 


v = KK [ROOH], v = vy, v; = Vio + K[ROOH], (11.30) 
After insertion and transformation, we obtain (B = k,/ky) 
[ROOH], = Bvvjo/ko3(1 - Bv) (11.31) 


It follows from this formula that the quasi-stationary regime is established only 
when Bv < 1 and, hence, [InH] > [InH]cr, where 


[nH],, = BAg[RH]/fs: (11.32) 

At [InH] < [InH],, the process develops non-stationary in the presence of an 

inhibitor. The quasi-stationary regime is established in the already developed oxida- 
tion when chains terminate in reaction (6) and the equilibrium is achieved 


~1/2 V2 
k kel’? (RHI, „+ E; [ROOH]) en (11.33) 


[ROOH], = & [RHP / k, ky 


The induction period of inhibited oxidation of RH at [InH] > [InH], can be 
defined as the time during which the concentration of the inhibitor decreases from 
[InH], to [InH],, 


[Intt] 
=f FAO = at Le (1 +nx)] (11.34) 
[mH], Vi 


where t = f{InH],/vj is the induction period in oxidized RH when v; = vj, , and x = 


fa [nHT(QRRH]). 
11.4.4. Multiple chain termination on inhibitors of oxidation 


In some systems one inhibitor molecule can terminate many chains (f >> 2). This 
is observed when the starting inhibitor is formed again in the reaction of the active 
center (R- or RO?) with the transformation product of the inhibitor (In) or the 
inhibitor acts catalytically, transforming active RO- into the low-active radical. 


LIn oxidized alcohols (primary and secondary) hydroxyperoxyl radicals are 
formed, which possess a reductive effect. In the presence of inhibitors (aromatic 
amines AmH), cyclic reactions of chain termination involving aminyl and nitroxyl 
radicals appear 


>C(OH)OO+HAm — >C(OH)OOH+Am 
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> C(OH)OO +Am — AmH +0, +>C =O 
> C(OH)OO +Am —>C(OH)O +AmO 
> C(OH)OO +AmO — AmOH +0, +0 =C < 


> C(OH)OO +AmOH >> C(OH)OOH +AmO 


Similar reactions occur when aromatic amines are introduced into oxidized 
aliphatic amines, whose peroxyl radicals also possess the reductive effect. 


2.Quinones Q and iminoquinones retard alcohol oxidation entering into cyclic 
reactions with peroxyl radicals 


> C(OH)OO +Q 5» C =0+0, +QH 
> C(OH)OO +QH —» C(OH)OOH +Q 


Cyclic termination on quinones is also observed in oxidized polypropylene where 
H,O; is formed by the decomposition of block hydroperoxyl groups. From H20, rad- 
icals HO-; are formed by the exchange reaction and reduce quinones to the semi- 
quinone radical. Similar situation is observed for the oxidation of cyclohexadiene, 
which involves HO- radicals. 


3.Salts of variable-valence metals in the oxidation of alcohols and amines are typ- 
ical negative catalysts (f — o) 
> C(YH)OO +M”* —»-C(YH)OO +M”* 
> C(YH)OO * M" »C-Y +0, +H*+M”* 


4.Bases are negative catalysts for alcohol oxidation, they transform active RO- 
into inactive O; 


»C(YH)OO «OH. —>C =Y +H, 0 +0, 


5.Stable nitroxyl radicals (>NO-) multiply terminate chains during polymer oxi- 
dation, which forms grounds for a high efficiency of sterically hindered amines as 
photostabilizers. Three mechanisms of cyclic chain termination involving nitroxyl 
radicals are known: 


First > NO +R —» NOR 
> NOR +RO, > +>NO +Olefin + ROOH. 
Second: » NOR e NO +R: B» NOH + Olefin, 
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» NOR +RO, >> NO - ROH 

Third: 00 
NC 
R(OOH);——*H;0,* 'C— 


g^. ON 


H,O, + RO, 2 ROOH - HO, 
» NO - HO, >> NOH +0, 
» NOH +RO, > NO - ROOH 


6.Intense abstraction of oxidation chains in which the stable nitroxyl radical mul- 
tiply participates is provided by the three-component system: nitroxyl radical + 
hydrogen peroxide + acid (HA). Here the acid plays an important role. The mecha- 
nism of action is the following (RH-hydrocarbon): 


> NÓ +HA æ> NOH' +A” 
> NOH* +RO, O ROOH * - NO * 
> NO' +H,O, 2» NOH +0, +H ' 
» NOH +RO, ^» NO - ROOH 


In this system the nitroxyl and acid act as catalysts and H;O; is consumed. A sim- 
ilar cyclic mechanism of chain termination takes place when the system alcohol + 
nitroxyl + acid or the system hydrogen peroxide + quinonimine + acid are introduced 
into oxidized hydrocarbon. 


11.4.5. Inhibitors of oxidation decomposing hydroperoxides 


In the autoxidation of organic compounds the main source of free radicals is 
hydroperoxides formed in the reaction. It follows from this that the autoxidation rate 
can be retarded if the concentration of hydroperoxide is decreased by its decomposi- 
tion. It should be kept in mind that two basically different directions of ROOH 
decomposition are possible: homolytic and heterolytic. The first direction results in 
the formation of free radicals and, hence, the intensification of homolytic decompo- 
sition only accelerates oxidation. By contrast, the heterolytic transformation of 
ROOH into molecular products (molecular decomposition) decreases the concentra- 
tion of hydroperoxide and, correspondingly, the rate of its decomposition to radicals. 


Organophosphorus inhibitors 


Among various organophosphorus compounds, aryl phosphites found use as 
inhibitors of oxidation. Phosphites are rather rapidly oxidized by hydroperoxides to 
phosphates in the reaction 
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R'OOH + P(OR); > R'OH + OR(OR); 


The reaction occurs with stoichiometry 1 : 1. Only sometimes stoichiometry 
somewhat differs from this ratio. For example, cumyl hydroperoxide oxidizes triph- 
enyl phosphite in the stoichiometric ratio from 1.02 : 1 to 1.07 : 1, depending on the 
ratio of reactants. The reaction is bimolecular, trialkyl phosphites react with ROOH 
more rapidly that with aryl phosphites (see Table 11.1), and the activation energy 
depends on the phosphite structure and changes in an interval from 25 to 77 kJ/mol. 
The structure of hydroperoxide weakly reflects the rate of its reaction with phosphite, 
which is seen from the data for the reaction (303 K, C;SH;CN) 


23 A Zo 
CY P— NRR) + ROOH—> X d ko ROH 
FA " d NRR 


Raj Ro PhC(CH3),0H (CH;,COOH 

H Cdi; k= 1.36 k = 0.85 l/(mol s) 
CH C Hi 0.053 0.026 

H CH; 0.22 0.13 

Ph Ph 0.060 0.051 


The oxidation of phosphite with hydroperoxide is mainly heterolytic. This is indi- 
cated by the retention of optical activity in alcohol if hydroperoxide is optically 
active and in phosphate if phosphite is active. The more polar the solvent, the faster 
the reaction. 


D.G. Pobedimskii showed that the homolytic reaction with the formation of free 
radicals occurs in parallel with heterolytic transformation. Manifestations of this phe- 
nomenon are diverse. The acceptor of free radicals, stable nitroxyl radical, is con- 
sumed in the reaction of hydroperoxide with phosphite. This reaction in ethylbenzene 
in the presence of oxygen is accompanied by chemiluminescence appeared by the 
disproportionation of peroxyl radicals. Chemical polarization of ?!P nuclei was found 
in the oxidation product of phosphate by the NMR method. It was established that 
only a minor portion of the product had polarized nuclei. When phosphite is intro- 
duced into cumene containing hydroperoxide, the initiating (pro-oxidation) effect 
caused by radical formation is observed in the initial period. The yield of radicals is 
very low (0.01-0.02%) in the case of aliphatic phosphates and much higher (to 5%) 
for aromatic phosphites. 


The homolytic reaction of phosphite with ROOH has higher activation energy 
than that of the heterolytic reaction; therefore, its fraction increases with temperature 
increasing. Phosphites react not only with hydroperoxides but also with peroxyl rad- 
icals. Therefore, they are prone, on the one hand, to chain oxidation and, on the other 
hand, retard the chain oxidation of hydrocarbons and polymers by chain termination. 
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In a neutral solvent alkyl phosphites are oxidized with oxygen via the chain route in 
the presence of an initiator or under irradiation. Chains reach a size of 10*, The rate 
of oxygen absorption is proportional to v}’*, which indicates the bimolecular mech- 
anism of chain termination. 


Sulfur-containing compounds 


Sulfur-containing compounds are used as components of antioxidative polymer 
and lubricant additives. The mechanism of their retardation effect was intensively 
studied in the seventies and turned out to be rather complicated. In this mechanism, 
the reaction of these compounds with hydroperoxides occupies the central place. In 
1945, G. Denison was first to show that dialkyl sulfides are oxidized by hydroper- 
oxides to sulfoxides, the latter are oxidized to sulfones 


RSR + R'OOH — RS(O)R + R'OH 
RS(O)R + R'OOH > RSO,R + R'OH 


and hydroperoxide is reduced to alcohol. In the presence of alcohols and acids, the 
reaction is bimolecular, and the catalytic participation of the acid is assumed 


OH 
; oA 
R'OOH * HA Z— R'O 
HA 
SR 
OH on. 


R'O / 
Soo SRo RO : ——> R'OH * OSR, * HA 
HA g--À 


In aprotic solvents the reaction rate is v — K[R;S][R'OOHT, and the second order 
with respect to hydroperoxide is related to the fact that the second R'OOH molecule 
plays the role of acid 


OH 
vá 
RO — —— R'OH + OSR, * R'OOH 
'HOOR 
In some cases, the first order with respect to both sulfide and hydroperoxide is 


observed in aprotic solvents. Below we present the rate constants (l/mol s)) of the 
reaction of cumyl hydroperoxide with several sulfides in chlorobenzene at 353 K. 


(PhCH;,$ ^ (CiHo:0COCI;CH;,S — (PhCO),S [(CH),NC(S)S}, 
k= 1.3107 2.810? 2.3107 2.0107 


The detailed study of this reaction showed that it is accompanied by the forma- 


362 Oxidation of organic compounds by molecular oxygen 


tion of free radicals. The body of experimental facts and an analogy with other 
resembling system result in the following general scheme. Sulfide reacts with ROOH 
via two parallel reactions: heterolytic (m) and homolytic (i) generating radicals. In 
the case of the reaction of dilauryl dithiopropionate with cumyl hydroperoxide, the 
rate constants of these two reactions in chlorobenzene are the following: 


km = 8:10 *exp(-50/RT) l/(mol s) 
ki = 2.510 *exp(-121/RT) V/(mol s) 


The ratio k/km is 5-1 0^ at 300 K and increases with the temperature increase because 
E;> Em 


The reactions of sulfides with ROOH afford the products, which possess the cat- 
alytic effect and catalytically decompose hydroperoxides. Acid is the catalyst. This 
follows from the product composition: cumyl hydroperoxide decomposes to form 
phenol, and di-tert-butyl peroxide, the products of acidic catalytic decomposition, is 
mainly formed from tert-butyl hydroperoxide. Most researchers agree that this inter- 
mediate product-catalyst is SO;, which reacts with ROOH as an acid. 


As a whole, we can see a rather complicated pattern of the effect of sulfur-con- 
taining compounds on the oxidation of hydrocarbons and polymers. The starting 
compounds, first, reduce ROOH to alcohols and thus decrease the autoinitiation rate 
during autooxidation; second, free radicals are generated in the reaction with the 
same ROOH and oxidation is thus initiated; third, chains are slowly terminated in the 
reaction with RO-. Intermediates of the transformation of sulfides and disulfides 
play an important role. Sulfenic acid RSO,H formed by sulfoxide decomposition ter- 
minates chains in the reaction with RO-, but, along with this, initiates them in the 
reaction with ROOH. Acidic products (SO), HSO;, RSO;H, RSO3H) decompose 
hydroperoxides predominantly to molecular products, i.e., decrease autoinitiation. 
Along with this, they have an initiating effect decomposing ROOH to form radicals. 
In the oxidation of alkylaromatic compounds, the acidic decomposition of ROOH is 
accompanied by the formation of phenols, which terminate chains as inhibitors. 


Metal complexes, first of all, dialkyl dithiophosphates and dialkyl dithiocarba- 
mates of such metals as Zn, Ni, Ba, and Ca, are widely used for the stabilization of 
polymers and lubricants. Inhibitors of this type are inferior to phenols in efficiency 
at moderate temperatures (350-400 K) but exceed them at higher temperatures (430- 
480 K). The mechanism of action of inhibitors of this type is complicated. The reac- 
tion of these inhibitors with hydroperoxide plays a very important role in the com- 
plex mechanism of inhibition. 


11.4.6. Synergism of action of oxidation inhibitors 


The mechanisms of action of inhibitors on the oxidation of organic compounds 
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are diverse. Inhibitors terminate chains in reactions with RO-; or R-. The radicals 
formed from them are inactive or participate in chain termination by the reactions 
with ROOH or RH; in several cases, cyclic reactions of chain termination appear. An 
inhibitor can reduce hydroperoxide or catalytically decompose it. Therefore, the 
introduction of two or more inhibitors into the oxidized hydrocarbon (or another 
compound) results in the appearance of different mechanisms of their mutual retar- 
dation effect. 


All cases of retardation by mixtures of inhibitors can be reduced in their effect on 
the oxidation process to the following three ones: additive effect when the retardation 
effect of a mixture is equal to the sum of retardation effects of each component, 
antagonism when inhibitors impede each other, and synergism when the effect of a 
mixture is greater than the sum of retardation effects of the components. 


The method for comparison of the retardation effect of various inhibitors and 
their mixtures from the duration of the retarding action, induction period, has been 
formed in laboratory practice long ago. The induction period is equal to the time peri- 
od from the beginning of experiment to the moment of absorption of a certain amount 
of dioxygen or achievement of a certain well-measured oxidation rate. Therefore, 
three different cases of inhibitor effect on the autooxidation of RH can be expressed 
by the following inequalities (t is the induction period of the introduced mixture of 
inhibitors): 


Synergism Additivity Antagonism 
foc t ger CE 


Accepting the character of interaction of inhibitors and products formed from 
them, which results in synergism, as a basis, we can group the studied systems as fol- 
lows. 


1. One inhibitor terminates chains, and the second one decreases the autoinitia- 
tion rate decomposing ROOH or deactivating the catalyst, which destructs ROOH to 
radicals. 


2. Two initial compounds (inhibitors or non-inhibitors) react to form an efficient 
inhibitor. 


3. Intermediate products of inhibitor transformation interact and enhance the 
retardation effect of one on another. 


The combined introduction of an inhibitor, which terminates chains, and a sub- 
stance, which decomposes hydroperoxides, is widely used for the more efficient 
retardation of oxidation processes in polyolefins, resins, lubricants, and other mate- 
rials. Various phenols, bisphenols, and aromatic amines are applied as an acceptor of 
RO, and aryl phosphites, esters of thiopropionic acid, dialkyl dithiopropionates and 
thiophosphates of zinc and nickel, and other similar compounds are introduced to 
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decompose ROOH. The induction period of the oxidized substrate is usually meas- 
ured when mixtures of inhibitors with different ratios of components is introduced, 
and the ratio, which induces the longest retardation is determined. 


The introduction of substance S, which decomposes ROOH, into the oxidized 
RH, naturally, decreases the current concentration of ROOH. This does not reflect 
the oxidation rate if the radical source is an initiator, which does not interact with S, 
light, or radiation, but results in the retardation of autoinitiated oxidation when the 
main radical source is hydroperoxide. The initial stage of autooxidation in the 
absence of the acceptor RO- is described by the parabolic time law A[O,]!” = bt, 
where b = 0.5kg K17? K^ [RH]. The introduction of S changes the situation: a discrep- 
ancy between the absorbed dioxygen and [ROOH] appears from the very beginning 
due to the decomposition of ROOH. If S decomposes hydroperoxide only via the 
molecular route in the bimolecular reaction with the rate Vroon = ks[ROOH][S], and 
the decay of one S molecule results in the decay of f; molecules of ROOH, then the 
rate of ROOH accumulation is the following: 


d[ROOH]Zt = a[RH](v;, + &[ROOH])? - (kz + kdS[ROOH] (11.35) 


During the very intensive decomposition of hydroperoxide, the quasi-stationary 
oxidation regime with the quasi-stationary concentration [ROOH]; is established 
within the time £ ~ (kqS],) ! 


/2 
RooH}, - 2 An[RHI* peser (1136 
2(ky +k, [S] a^ k, [RH] 


The rate of chain initiation v;, is usually very low, so that 


a? k, [RH]? a[RH] Ý 
ROOH], z —————— z 11.37 
; h (k, +k, [SI x (sre) oe 





if the S inhibitor is introduced in such high concentration that k[S] >> ky. The induc- 
tion period caused by the introduction of S, if it is determined as the time within 
which S decreases to the concentration [5], = ks/ks, is the following: 


ke/ ks 





ec fW Fs Es 
P? dw 24 k, k [RHP 
(5 [S], | 358. as 448 (11.38) 
ky Ks Ks 


When the inhibitor is introduced in the concentration [S], >> k;/ks, the expression 
is simplified 


Inhibition of oxidation reactions 365 


Ts fk. [S], / 2a! E ky [RHY (11.39) 


In this case, the higher ks and fs and t ~ [S], the longer the retardation period. 
Evidently, the retardation of oxidation with the introduction of S appears when a suf- 
ficiently high concentration is introduced: [S], > ks/ks. If the decomposition of 
ROOH by the inhibitor S occurs so rapidly that [ROOH]s < vjj/k;;, then during the 
induction period the amount of formed (and decomposed) during the induction peri- 
od ROOH is equal to vvi, and the induction period is ts = f;[S],/v;,. Thus, even in 
this most favorable regime S is consumed in v times more rapidly than free radicals 
are generated. Remind for comparison that the highly efficient acceptor RO" is con- 
sumed, under similar conditions, with the rate v,,/f and t, = /[InH]v;,. 


It follows from this that the inhibitor S retards oxidation if it proceeds through the 
chain route (v > 1) and the main initiating agent is hydroperoxide that formed 
(Kk [ROOH] > v»). The noticeable retardation of oxidation is observed if such an 
amount of the inhibitor is introduced when ks > ky. There is one more substantial cir- 
cumstance. Almost all substances reacting with ROOH decompose it both heterolyt- 
ically (constant ks) and homolytically (constant ks). The retarding rather than initi- 
ating effect of S is manifested when 


Bs = ks/ks << ky ks = B 


i.e., the fraction of homolysis of ROOH in the reaction with S is much smaller than 
that of its spontaneous homolysis under oxidation conditions. 


Synergism caused by interaction of intermediate products of inhibitors 


Synergism is observed when binary mixtures of some phenols and aromatic 
amines are introduced into hydrocarbon. It is related to the interaction of inhibitors 
and radicals formed from them. For the combined introduction of phenyl-N-B-naph- 
thylamine and 2,6-di-tert-butylphenol into oxidized ethylbenzene (v; = const, 343 K), 
phenol is consumed first, and amine begins to consume only after its disappearance, 
although RO-, reacts with amine more rapidly (kz; = 1.3-10° l/(mol s), 333 K) than 
with phenol (43) = 1.3-10° l/(mol s), 333 K). This phenomenon is caused by the equi- 
librium 


Åm + HOAr z2 AmH +ArO 


It is shifted to the right, if D 4; > Do_y. For example, the equilibrium constant 
of the reaction of the diphenylaminyl radical with 2,4,6-tri-tert-butylphenol in CCl, 
at 348 K is equal to (5:1) 10). In the general case, -R7InK = AH = Doy - Dyn 
For the combined introduction of amine and phenol, this equilibrium decreases the 
concentration of aminyl radicals if Do. 44 < Dy_y. It is assumed that the aminyl rad- 
icals propagate the chain in the reaction with RH, and sterically hindered phenoxyls 
formed from phenol do not participate in chain propagation and decay only in the 
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reaction with RO-;, which results in synergism during the autoxidation of hydrocar- 
bon. 


Synergism was observed for the combined introduction of two phenols, one of 
which is necessarily 2,6-di-tert-butylphenol. The initiated oxidation of 9,10-dihy- 
droanthracene is not almost retarded by 2,4,6-tri-tert-butylphenol (10° ^ mol/l at 333 
K) but p-methoxyphenol in the same concentration retards oxidation. The induction 
period is doubled if both phenols are introduced in the same concentration, that is, 
both phenols participate in chain termination if they are introduced in combination. 
This is explained by the exchange reaction 

AY, Ò+ HOAr,, £2 Ar OH +Ar, „Ò 


a 


One more mechanism of synergic interaction of phenols has recently been dis- 
covered by V.A. Roginskii when he studied the disproportionation of phenoxyl radi- 
cals. Phenoxyl radicals disproportionate if contain C—H groups in the ortho- or 
para-position, for example, 2,4,6-tri-fert-butylphenoxyl does not disproportionate 
and the ionol radicals enter into the reaction 


2CH, O — —- CH O + CH OH 


The study of cross-disproportionation of phenol radicals of ionols and a-toco- 
pherol allowed one to establish that this reaction is much faster than homodispro- 
portionation 


Ionol o-Tocopherol Ionol + a-tocopherol 
2kaisp Wmol s) (323K) — 8710 22-10? 1.810? 


In this reaction tocopherol is regenerated due to phenoxyl of ionol. 


As a result, fast cross-disproportionation decreases the total concentration of the 
phenoxyl radicals and participation of phenoxyls in chain propagation and reduces 
the most active phenol (tocopherol more rapidly reacts with RO- than ionol); the 
methylenequinone that formed, in turn, terminates chains in the reaction with RO^;. 


Synergism caused by interaction of initial reactants 


The cases when the initial substances (inhibitors or non-inhibitors) interact to 
form labile or stable products, inhibitors, are rather abundant. Very often one of these 
substances is an inhibitor, so that this interaction results in the more efficient retar- 
dation, i.e., synergetic effect. 
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As we convinced, phosphites retard oxidation by the reduction of ROOH to ROH. 
Compounds of variable-valence metals, on the contrary, catalyze oxidation decom- 
posing ROOH to free radicals. Under some conditions, binary mixtures of phosphites 
(triethyl phosphite, triphenyl phosphite, various aryl phosphites) with metal com- 
plexes (Cu', Co”, Ni, Fe * and others) efficiently catalyze the oxidation of hydro- 
carbons and polymers. This is due to the formation of complexes between the metal 
salt and phosphite, which react very actively with RO- to terminate oxidation chains. 
For example, chain termination in oxidized styrene at 293 K is characterized for 
phosphites (RO);P and their complexes with CuCl by the following parameters: 


Phosphite kzı, V(mol s) f 
P(OPh), Does not react 
Cu[POPh,]CI 610 3.0 
[2-C(CH3),, 4-CH4C4H40];P-CuCI 510 0.06 
[2-C(CH3),, 4-CH,C4H30];P-CuCl 3.4.10? 14 
2[2-C(CH5),, 4-CH;CsH30];P-CuCl 4.8.10 0.9 


It is seen that the complex reacts much more vigorously with RO-, than the lig- 
and (phosphite) and with the higher coefficient f. Along with RO», these complexes 
react rapidly with ROOH to transform it predominantly into molecular products. 
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Chapter 12 


Chain branched reactions 


Chain branched reactions have several substantial distinctions from chain non- 
branched reactions. The mechanism of these reactions was discovered by N.N. 
Semenov with coworkers and by S. Hinshelwood with coworkers in 1925-1928. N. 
N. Semenov, Yu.B. Khariton, and Z.F. Volta. Studided the conditions of ignition of 
phosphor vapors and established that the transition from the absence of the reaction 
to the blowback of vapor occurs at a rigidly specified oxygen pressure, which 
depends on the diameter of the vessel. In 1928 Semenov proposed the chain branched 
mechanism of the process involving oxygen atoms. 


In the twenties S. Hinshelwood studied the oxidation of hydrogen by oxygen. This 
reaction is also characterized by limits on pressure (lowest and upper) within which 
the mixture ignites. In 1928 Hinshelwood proposed the chain branched scheme of the 
process where excited water and oxygen molecules perform branching. The detailed 
study of the reaction of hydrogen with oxygen in Hinshelwood's and Semenov's lab- 
oratories allowed the authors to develop and substantiate the mechanism of this chain 
branched reaction involving hydrogen and oxygen atoms and hydroxyl radicals. 
Investigations of V.N. Kondrat'ev played an important role in the development of the 
theory of branched chain reactions. He found the hydroxyl radical in burning dihy- 
drogen and studied its behavior and reactivity. 


12.1. Theory of chain branched reaction 


The chain radical reaction takes place if reactants are transformed through active 
intermediate species, viz., atoms and radicals, and reactions involving them form the 
closed cycle of transformations, and chain propagation occurs more rapidly than ter- 
mination. The chain reaction is branched if it contains such a stage in which one rad- 
ical or atom generates the formation of several atoms and radicals. As a result, under 
favorable conditions during the reaction the concentration of active centers increases 
and, correspondingly, the reaction rate increases. This often results in ignition or 
explosion. If branching occurs due to the interaction of an atom (radical) with a mol- 
ecule, 3 particles with an unpaired electron (in the general case, 2n + 1) are formed 
from one particle owing to the conservation of the number of electrons in the system. 
An increase in the number of particles can occur in one stage; for example, in the 
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chain reaction of NCI; decomposition it occurs according to the scheme 
NCI, + NCI, 2 N, * Cl, *3Cl 


This act is exothermic (AH = -146 kJ/mol), although 3 chlorine atoms are formed 
in it instead of one -NCh radical. For hydrogen burning, branching proceeds in two 
successive acts (see Section 14.3) according to the empirical equation 


H+0, +H,  2HO +H 


Such a stoichiometric branching reaction is endothermic, its AH = +79 kJ/mol. In 
the chain reaction of dihydrogen with fluorine branching proceeds through three suc- 
cessive stages (see below) according to the empirical equation 


F +2H, + F, = 2H + 2HF +F 


and is accompanied by the heat liberation (AH = -102 kJ/mol). All known chain 
branched reactions are exothermic. 


Stoichiometric equation -AH, kJ/mol 
2H, + O, = 2H,0, 484 
2CO + O, = 2CO; 566 
P4 + 50, = P4010 3067 

H, + F, = 2HF 537 


Critical, or limiting phenomena are an important kinetic peculiarity of branched 
chain reactions, which distinguishes them from other reactions, including chain. 
Systems, which are transformed by the mechanism of chain branched reactions, are 
characterized by conditions when the reaction occurs very slowly and conditions 
when the reactions occurs rapidly, often with explosion. The transition from one 
regime to another occurs with an insignificant change in the conditions in the region 
of their critical value. For example, phosphor vapors at the unchanged [P4] : [O2] 
ratio react with dioxygen in the region of p pressure, which is between two limiting 
pressures p; and p: py <p < py. Atp <p, and p > p, phosphor vapors do not react 
with dioxygen. The ignition region also depends on the composition of the mixture, 
so that the critical condition of ignition is described by the equation (C, and C; are 
constants) 


C; + CIO; + [Op] [Pa] = 0 (12.1) 


The region of development of chain branched reaction is temperature-dependent. 
At an unchanged composition of the mixture and p = const, there is a temperature 
above which the fast reaction is observed and below which the reaction does not 
occur. In the p - T coordinates the ignition region for the chain branched reaction 
looks like a peninsula with a cape (Tmin), so that at T < Tmin the reaction does not 
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occur at any pressure in the system. The limiting phenomena are explained by the 
general theory of chain branched reactions. 


In the chain non-branched reaction the concentration of active centers n depends 
only on the initiation (v;) and termination rates (v, = gn, where g is the specific rate 
of chain termination in the presence of an inhibitor InH, g = kj [InH]), in the quasi- 
stationary regime n = v//g. 


The situation is basically different for the chain branched reaction. Branching acts 
provide a possibility for progressive increasing the concentration of active centers in 
time. For chain termination and branching in the reaction of a first order with the spe- 
cific rates g and f, respectively, the rate of changing the concentration of active cen- 
ters n is described by the equation 


dnldt = v, - (g - fin (12.2) 


Two basically different regimes of the reaction are possible. Quasi-stationary, 
when g > f, i.e., termination predominates over branching; then n = v//(g - f) = const, 
beginning from / > (g - f) '; and non-stationary, when f> g, i.e., branching predomi- 
nates. In this case, the concentration of active centers continuously increases in time, 
and if the consumption of reactants and changes in time of v;, g, and f are ignored, 
then 


n 7 vf - gy (e 9" - 1) 


The equality f = g is the critical condition for the transition of the system from 
one state to another. Thus, the chain reaction with branching occurs as a self-accel- 
erating process only when active centers enter into branching acts more rapidly than 
into termination acts. 


Ignition limits with respect to pressure 


At a low pressure in the reactor, active centers rapidly reach the reactor wall, are 
adsorbed on it, and recombine: chains terminate on the wall. If the probability of 
recombination on the wall is low (e€ << 1), then chain termination occurs after mul- 
tiple collisions of the active center with the surface and is not limited by their diffu- 
sion to the surface. In this case, the concentration of active centers is the same in the 
bulk of the whole volume, and the rate of chain termination is the following: 


v, = gn - 250(S / V uen (12.3) 
where S and V are the surface and volume of the reactor, respectively; and u is the mean ther- 
mal velocity of particles movement. 


Chain branching usually occurs in the reaction of the active center with the mol- 
ecule with the rate 
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vy kjreactant]n = 10°kyp(RTY'n 


where yp is the partial pressure of the reactant. 


The critical transition is observed when the equality f= g or v; = v, is fulfilled, 
from which the expression for the lowest critical pressure follows 


Pi = VOgRTAK, (12.4) 


This pressure can be achieved by either changing the concentration of reactants 
or the introduction of an inert gas because this is the total pressure of the mixture. An 
increase in the pressure results in the situation when active centers decay more often 
by the triple collision of the active center with two particles, due to which the chain 
terminates. For example, for hydrogen oxidation the chain terminates in the reaction 
(M is the third particle) 


H+0,+M—*>HO,+M, HO,+H—>H,+0 
In this case, the rate of chain termination is 
v, 7 2:10°kyp (RT) n 
The critical condition v,— v, results in the upper limit with respect to pressure 
pi^ 10°kRT)2k, (12.5) 


Temperature dependence of the ignition region 


Since k; depends on temperature according to the exponential law exp(-E/RT) 
and the frequency of triple collisions is z ~ u? ~ T, then 


p, P exp E,/ RT) 


increases with temperature increasing. On the contrary, p; decreases with the tem- 
perature increase because always E, < Ej and 


p, = pi exp E, - E, )/ RT 


Due to this opposite temperature run, both limits converge at the temperature Tm 
(“cape of the ignition peninsula,” Fig. 12.1) when p; = pz. This temperature is deter- 
mined by the equality 


Ty = QE,- E, )/[RInC P7 p) (12.6) 


At T < Ty the chain branched reaction does not occur, that is, Ty is the critical 
temperature below which chain ignition is impossible. At T> Ty chains terminate on 
the surface and in the bulk more rapidly than branching and, therefore, the progres- 
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p. kPa sive development of the reaction is 


impossible. 
10 
Critical sizes of the reactor 


If chain termination on the wall 
occurs rather efficiently (€ ~ 1), 
then near the lowest limit with 
respect to pressure chain termina- 
tion is limited by the diffusion of 
active centers to the surface. In 
m these cases, the critical condition 

440 460- 480. 500. 520 540 € depends on the competition of two 

Fig. 12.1. Ignition peninsula of the stoi- processes: effective collision of the 

chiometric mixture of dihydro- ^ active center with the reactant fol- 

gen and dioxygen. lowed by chain branching and colli- 

sion of the active center with the 

wall with chain termination. This 

process produces a gradient of the concentration of active centers over the reactor 

cross section: the closer to the surface, the lower the concentration of active centers. 

The rigid solution to this problem can be obtained in the framework of the diffusion 

equation. For the cylindrical reactor, the solution of this equation results in the 

expression p, = 23Dd", where d is the diameter of the vessel. Since in gas the dif- 
fusion coefficient is D = Dy, the critical condition g = f takes the form 


8 
6 
4 
2 
0 


k, f p (RT)! 23D,RTd ^ pj 


and for the lowest limit with respect to pressure we obtain the expression 
2/3 
-RT/ 4(23D /yk,) (12.7) 
It follows from this formula that a critical size (diameter) of the reaction vessel 
also exists: chain ignition is observed in a large reactor, and it is not in a small reac- 
tor. As in the case of chain termination in the kinetic regime, critical conditions 


depend on the shape of the vessel (for a planar vessel g = 9. 9DRT4 , for a spherical 
vessel g = 39.5DRTd'). 


Kinetics of the branched chain reaction 


In the stationary regime where g > f, the kinetics of the branched chain reaction 
resembles the kinetics of the non-branched chain reaction and 


= k[RH]n = ayn = [ayv/(g - f) - e 0) = a v/(g - f) (12.8) 


The chain branched reaction in the non-stationary regime occurs in a different 
manner. In this case, f > g and the concentration of active centers continuously 
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increases during the reaction, the rate of the process increases similarly 


v = ayn = (via oe" - 1) = (vafe " (12.9) 
where ọ = f — g. 


In the region of the lowest limit of pressure, the diffusion of a particle to the ves- 
sel surface occurs for 10-10? s, that is, g is 10? to 10* s, respectively; in the non- 
stationary regime, we can accept the range of f values is 10-10? s`}; therefore, the 
process develops in time very rapidly. 


Since the reaction proceeds with autoacceleration and its occurrence can be 
noticed experimentally only when some rate v = Vmin is achieved, the induction peri- 
od 1 is observed, which can be determined as the time of achievement of v = Vmin 
and since v is expressed by equation (12.9), then x — o  In(vs;s/const), where const 
= avid. It follows from this that tọ = const. On the other hand, the limits of chain 
ignition p, and p» are the roots of the equation @ = 0 and, hence, q can be expressed 
through p, and p, in the form = const(p - p;)(p. — p). From this we can obtain a 
relationship between the induction period and p; and p» 


t, = const/[(p - pi)(P2 - Pi)] (12.10) 


As we will see, experimental data on hydrogen combustion agree well with these 
correlations. 


At the first sight, it follows from formulas (12.2) and (12.9) that the concentra- 
tion of active centers and reaction rate should continuously increase in the course of 
the reaction. In fact, this is not the case because of the consumption of the starting 
reactants. Since both the branching rate and the overall rate of the chain process 
depend on the concentration of reactants, the ratio between the branching and termi- 
nation factors changes during the reaction. Since y ~ [reactant] ~ (1 - n), where n is 
the conversion, and g is independent of n, then such a moment takes place in the 
reaction course when y = y,(1 - 1) becomes equal to g and then the reaction transits 
to the quasi-stationary regime after all centers are consumed. The presence of the 
critical (limiting) depth of oxidation is characteristic of the chain branched reaction, 
as well as other critical phenomena. These questions will be considered in more 
detail for the reaction H, + Oy. 


12.2. Combustion of hydrogen 


Combustion of hydrogen is a model reaction, which allowed the detailed study of 
the mechanism of the chain branched process. The scheme-minimum and 4 and E 
values for the elementary reaction are presented in Table 12.1, from which it follows 
that chain branching occurs in reactions (2) and (3), and step (2) is limiting (for 
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numeration of steps, see Chapter 11). Chain termination occurs either on the wall 
(which predominates at low pressures) or in the bulk. Using the method of quasi-sta- 
tionary concentrations to obtain the approximate solution, we assume a[OH]dt = 
d[OJ]/dt = 0. The kinetics of changing the concentration of hydrogen atoms in the 
reaction is described by the equation 


d{H]/dt = v; + o[H] (12.11) 
where @ = 2k;[0;] — ks — ks[O2][MI]. 


The critical condition separating the stationary and non-stationary regimes has 
the form 


2k[O2] = k4 + ke[O2][M] (12.12) 


Table 12.1. Rate constants of elementary steps of dihydrogen combustion 


No. Reaction A, (mol s) E, kJ/mol 
or P(mol” s) 

0 H, +O, —— 20H 2.5.10? 163 
1 H, + OH—4>H,0+H 22-10? 22 
2 H0, ——5 0H «0 1.510" 70 
3 H, +O—*4HO+H 2.5.10? 41 
4 H+ wall ——— 0 5H, — — 
5 H+0, « M—55HO, +M 3.610 0 
6 H+H,O—*—>H, + OH 9.910? 85 
7 2H+M—*>H, +M 3.610 0 
8 2HO, —H,0, +0, 10? 0 
9 H,O, * M— 20H +M 7410" 196 
10 | 20H+M—>H,0,+M 1.110? -8 
1 H+H,0, —“-»H,0+0H 42:10"! 38 


Lowest ignition limit 


At a low pressure k4 >> K;[O;][M] and the critical condition takes the form 
2k;[O] = ką (chain termination in the kinetic region) and p; = k4/(2k,O2), where Yo, 
= [O,]/p. For the diffusion regime of chain termination, the critical condition for the 
lowest limit is the following: 
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2k[0;] = 23D/(d'p) (D = D, with p = p, = 1) 
and for the cylindrical vessel 
pi = (23D) Qko d y ^ 
Upper ignition limit 


At a sufficiently high pressure k;[O;]|M] >> k4, and the critical condition is 
2o[O»] = ks[O;][M] or p; = 2ko/ks. 


The non-stationary regime is possible if the inequality is fulfilled in the kinetic 
region: k4 < 2&,[O,], ks[M] < 2&,, or k4 < 2ky lop, ksp < 2k; in the diffusion region 


23D,d °p” < 2k[07] > ks[Oz][M] 
or 
23D d °p’ < 2k’ p > ksa p^ 


Since A, is strongly temperature-dependent (E, = 71 kJ/mol), the region in which 
the reaction occurs in the non-stationary regime represents in the p-T coordinates the 
“ignition peninsula” (see Fig. 12.1). 


In the developed chain branched reaction of dihydrogen oxidation, hydrogen and 
oxygen atoms, HO- and HO», radicals are formed in non-equilibrium concentrations. 
Therefore, the works on experimental detection of these species were of great sig- 
nificance. The formation of atomic hydrogen was proved by warming of a thermo- 
couple immersed into a reactor where the reaction of dihydrogen oxidation took 
place. When the capillary of the thermocouple is covered with a composition, for 
example, ZnO: Cr;O,, on the surface of which hydrogen atoms rapidly recombine, it 
is warmed much more strongly than the capillary, whose surface is rather inert 
toward atomic hydrogen. Hydroxyl was detected in the hydrogen flame using the 
method of linear absorption developed in the thirties by V.N. Kondratiev. With the 
development of ESR, this method allowed the proof of the formation of hydrogen 
atoms, hydroxyl radicals, and HO» radicals during hydrogen combustion. 


In the non-stationary regime, i.e., inside the "ignition peninsula," the reaction 
proceeds with self-acceleration. Near the lowest ignition limit p, in the kinetic 
regime of chain termination on the wall and a small depth, the reaction kinetics is 
described in the first approximation by the system of only two differential equations 


d[H /dt = v; + 2k; [O5][H] - A4[H] 
-d[Os]/dt = v; + kO5][H] 
This assumes the quasi-stationary regime respectively to the O and HO: species. 


Beginning from the moment £’, chain initiation can be ignored (v; << k,[O.][{H)). 
Then the combined solution of these equations gives a simple correlation between 
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the amount of reacted dioxygen A[O5] = [Os], - [O7] and the concentration of the 
formed atomic hydrogen 


[H] = 2A[O;] + (&4/&)In(1 - A[O2)/[02],) (12.13) 


This expression is approximate and valid for small reaction depths near the low- 
est limit p,. At higher pressures and burning-out depth, it is necessary to take into 
account several additional reactions. First, hydrogen evolution on the vessel wall due 
to reaction 4 (Table 12.1). Second, chain termination involving the O and HO- 
species often becomes noticeable with a decrease in [H;] and, hence, [H-] in the 
course of the process. Third, at sufficiently high concentrations of the O and HO: 
species, reaction (-2) begins to occur with a noticeable rate 


-2) HO «0 ——530, +H 


in which the number of active centers decreases. This is the so-called negative inter- 
action of chains. Taking into account this reaction, the kinetics of accumulation of 
hydrogen atoms takes the non-linear form 


d[H]/dt = v; + @[H] - RH] (12.14) 
where @ = 2k; — ka, and k = 2(?/k [O5 [H5]. 


Equation (12.14) well describes the oxidation of hydrogen at any degrees of its 
burning-out. 


Since the lowest ignition limit of the Hy + O, mixture is related to chain termi- 
nation on the vessel wall, beginning from the thirties numerous publications were 
devoted to heterogeneous chain termination and the influence of the vessel walls on 
the kinetics of this reaction. In the kinetic region of chain termination when £d/A < 
1, where € is the probability of active center decay at its collision with the wall, the 
rate constant of chain termination in the reaction of hydrogen atoms with the surface 
is k4 = Beu/d, where the coefficient B = 1 for a cylinder and B = 1.5 for a sphere. The 
probability € of the reaction of H with the surface depends on the material covering 
the wall and changes in wide limits. In the case of quartz covered with K;B4O;, € = 
10°: for glass it varies from 10? to 10°; for metals Al, Ti, and Ni it is from 0.1 to 
0.5; and for platinum € = 1. Hydrogen atoms react with the quartz surface with the 
activation energy € = 0.5exp(-23.4/RT). Therefore, the lowest limit depends on the 
character of the surface. For example, for the 2H, + O, stoichiometric mixture at 713 
K in a vessel with a diameter of 6.5 cm p, = 38 Pa, and in the presence of an iron rod 
(d = 2 mm) p; = 168 Pa, ie., by 4.3 times higher due to intense chain termination on 
the metal surface. 


The decay of particles on the surface was considered until recently as the only 
heterogeneous reaction of chain carriers. Adsorption of atoms and radicals were 
equated to termination and it was believed that the efficiency of this termination is 
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unchanged in time. Heterogeneous termination was identified to the reaction of the 
first kinetic order with respect to the concentration of chain carriers. 


However, it was established in early seventies that these starting positions, gen- 
erally speaking, are not valid. They allow one to describe satisfactorily only ignition 
conditions rather than the kinetics of the process. Comparison with experiment finds 
a quantitative divergence in all main regularities. The totality of factors, which cause 
the observed divergences, was revealed. The main of them are the following factors. 


1. Participation of some adsorbed atoms and radicals in chain propagation and 
branching. 2. Reversible chemical modification of the surface during combustion. 3. 
Bimolecular reactions between chain carriers even near the first limit determining 
non-linear branching and linear chain termination. 


Each factor was found experimentally using modern methods of investigation. 
The indicated heterogeneous and homogeneous reactions result in the non-linear 
dependence of the chain process rate on the concentration of chain carriers. For 
example, the atoms and atomic groups on the surface, which appear during chain 
combustion and are responsible for important observed regularities of the process as 
a whole, were identified from IR spectra. The characteristic times of heterogeneous 
chain development were determined. They are comparable with the times of homo- 
geneous stages. In particular, for dihydrogen combustion, the following reactions 
occurs (Hg is the adsorbed hydrogen atom): 


12) H, +0, 2 HO, 
13) H+HO, > 20H 
14) 20H — Termination 


As a result of the first two reactions, the adsorbed hydrogen atom returns to the 
gas phase as the active -OH center. Thus, the adsorbed atom continues the reaction 
chain in the cases when the HO», radical that formed reacts with H. Evidently, the 
greater the amount of atomic hydrogen in the bulk, the greater fraction of the HO-; 
radicals enters into the reaction with H, and this implies that the efficiency of het- 
erogeneous chain termination depends on the concentration of atomic hydrogen. In 
fact, it follows from this reaction scheme that the total rate constant of H atoms decay 
on the surface is the following: 


ks =k U -Bhs [H]/ (k; +45 [HD] (12.15) 
where $ is the fraction of the HO-; radicals adsorbed from the gas phase. 


Outside the ignition region and in the induction period, the concentration of H is 
very low and kj. = kø. 


The ignition limit corresponds to this k,, value. In the started combustion the con- 
centration of H atoms is rather high, so that 
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k,[H]»»k, and k, =K A-B) 


i.e., k, becomes lower in the absence of combustion and at the limit. Therefore, the 
process occurs more rapidly than it follows from the theory, which treats k, as 
unchanged during the reaction. Indeed, this is observed in several chain processes in 
the presence of various surfaces. 


In other cases, such a strong chemical modification of the surface takes place that 
the probability of adsorption changes, resulting, e.g., in an increase in k,, during com- 
bustion. This retards combustion. 


The following regularities of chain combustion are also caused by heterogeneous 
factors of the type: isothermal multiple self-ignition in a closed volume, new critical 
phenomena inside the ignition region in the isothermal regime, isothermal heteroge- 
neous flame propagation, hysteresis of the kinetics of the chain process, induction of 
one chain reaction by another reaction due to the participation of adsorbed chain car- 
riers, heterogeneous chain branching resulting in localization of isothermal flame at 
the surface even under conditions when chain termination occurs mainly on the sur- 
face, escape of atoms of the crystalline lattice into the gas phase under the action of 
chain carriers, etc. The observed regularities are inherent in the whole class of 
branched processes, i.e., they have a general character. Evidently, these factors also 
act under non-isothermal conditions. 


Works on the inhibition of dibydrogen combustion by additives of various sub- 
stances play an important role in studies of this reaction. Among active species 
formed in this system atomic hydrogen is formed in the greatest amount and provides 
chain branching (see Table 12.1). Atomic hydrogen rapidly enters into such reactions 
as H abstraction 


H+RH >H, +R 
abstraction of the halogen atom (Cl, Br, I) 
H+RX—HX+R, H+HX >H, +X 
and adds rapidly at the double bond 
H+CH, =CH, >CH,CH, 


Alkyl radicals and halogen atoms formed in these reactions do not branch and do 
not propagate chains; therefore, reactions of this type result in chain termination. In 
some cases, cyclic mechanisms of chain termination appear, as in the case of HBr, 


H + HBr 2 H; + Br, Br + Br -M Br; + M, H+ Br, ^ HBr + Br 


When a substance-inhibitor InH, which rapidly reacts with the hydrogen atom, is 
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introduced into the H, + O; system, the In: radical formed from it does not partici- 
pates in chain propagation and branching 


H+ InH —2—H, +In 


and changes the critical conditions of chain ignition. Near the lowest limit, the criti- 
cal condition gains the form 


2k[07] = kg + ki; [InH] (12.16) 
It follows from this that the shift of the lowest limit Ap; = P1 my — p1 is the fol- 
lowing: 


Apy/pi = kizfiu/(Qkyfo, ~ Kizin) (12.17) 
where po, = Yo;p, and Pink = YinnP- 
A similar expression can be obtained when the upper limit with respect to pres- 
sure is shifted (Ap; = p>,InH — p2) 
Apyp» = kiyfww/Q Io.) (12.18) 


If the inhibitor is very active and introduced on a sufficient concentration, igni- 
tion becomes impossible. This corresponds to the condition 


Yini € QIo/ki5)yo, (12.19) 


Below we present the data illustrating the efficiency of some compounds as 
inhibitors of this process. 


Inhibitor kj, l/(mol S) 2kki; (700 K) 2kk; (800 K) 
CoH 7.810 exp(-38/RT) 1.610? 3.110? 

PhCH, — 32-10" exp(-25/RT) 42-10? 1.1-10? 
CoH, 4.0-10  exp(-27/RT) 4.510* 5.610 
HCI 2.310 exp(-15/RT) 9.510 3.1107 
HBr 6.210  exp(-9/RT) 1.4107 5.2107 


It is seen from the presented examples that ethylene and hydrogen bromide pos- 
sess high activity, and the efficiency of inhibitors decreases with temperature increas- 
ing. The latter is associated with the fact that Ej; < E». 


12.3. Chain reactions with energy branching 


In oxidation reactions, such as H5 + Oo, P4 + O2, CS, + O, CO + Op, chain 
branching occurs when atoms and radicals interact with molecules. A new class of 
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chain reactions was discovered using fluorination reactions as an example: reactions 
with energy chain branching. The characteristic feature of these reactions is the for- 
mation of noticeable amounts of vibration-excited molecules, which react to increase 
the number of atoms or radicals in the system. Excited molecules are formed in 
strongly exothermic reactions. In fluorination reactions, this is due to the fact that the 
F—F bond is comparatively weak (159 kJ/mol) and the C—F bonds (469 kJ/mol in 
CH3F) and the H—F bond (565 kJ/mol) are strong. Since the reaction of R: with F, 
is exothermic, it affords the RF* molecule with a high probability. If this molecule 
has a bond close in strength to the excitation energy of the molecule, dissociation 
occurs and the number of radicals in the system increases, that is, branching takes 
place. For example, for the fluorination of methyl iodide, branching proceeds via the 
reactions 


F,+CH,I3F+CH,FF, CH FF >1+CH F 


This mechanism became possible because the first stage occurs with energy 
release q = Dc. p - Dg p = 308 kJ/mol, which is close to the strength of the C—I 
bond in CH;FI (Dc_; = 234 kJ/mol) and, evidently, the energy liberated in exother- 
mic acts serves as the source of branching. 


Hydrogen fluorination was studied in detail. This reaction occurs with self-igni- 
tion typical of branched chain reactions, which appears in a certain (p; < p < p2) 
range of pressures of the H, + F, mixture as in the case of hydrogen combustion. In 
the self-ignition regions, the reaction kinetics is described by the law e”. The reac- 
tion mechanism includes the following elementary steps: 


H + F, —> HF*+F,F+H,— HF* +H 
HF* H, > HF+H,, HF* HF +h v 
Hj+F, >H+HF+F, H}+M O H ,4M 


H; + wall > H, 


The first two reactions are exothermic: AH = -406 for the H + F, reactions and 
AH = -130 kJ/mol for the F + H, reaction. The dissociation energy of F; is 159 
kJ/mo]. Thus, the energy, which exceeds much the strength of the F—F bond is 
released in the first reaction, which is a basis for the development of energy chain 
branching under these conditions. The energy released in the reaction of F with H; is 
concentrated by 60% (240 kJ/mol) as the vibrational energy of HF. Due to the reso- 
nance between the vibrational levels of HF and H), excitation is rapidly transmitted 
from HF* to H; as a result of cascade processes (v is the vibrational energy level) 


HF (v = 5) + Hy (v = 0) > HF (v = 4) + H; (v = 1), 
HF (v = 4) + Hp (v = 0) > HF (v = 3) + Hy (v= 1) etc. 
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Polar HF molecules rapidly donate their energy as radiation, whereas the relax- 
ation of vibration-excited hydrogen molecules occurs much (by 4 orders) more slow- 
ly. Therefore, these are precisely the molecules that act as energy carriers and react 
with F; to result in branching. Comparison of the mechanisms of two chain reactions 
(H, + O; and H; + F;) allows us to formulate the distinction between chain branched 
reactions and chain reactions with energy chain branching. Both chain reactions are 
branched due to their high exothermicity (AH = -484 kJ/mol for H, + O, and —540 
kJ/mol for H, + F2). The source of branching is the elementary act of the atom with 
the molecule: H + O, and H + F;, respectively. However, in the chain branched reac- 
tion branching occurs as a sequence of chemical acts, which multiple the number of 
active centers (H + O, > HO: + O; O + H, — HO: + H), and in energy branching 
intermediate stages of energy transfer and reactions of excited molecules (HF* + H, 
— HF + H*5; H*, + F, — H + HF + F) play an important role. Undoubtedly, the 
appearance of excited molecules does not result, in many cases, in chain branching 
because this requires several conditions. 


The reaction of fluorine with deuterium occurs via the mechanism similar to the 
reaction of F, with H5; however, the lowest limit with respect to pressure in the F, + 
D; mixture is much higher than that for F; + H5. This indicates that in the F, + D; 
system branching occurs more slowly because the energy (quantum) of vibrational 
excitation of D*, is by 13 kJ/mol lower than that for H*». 


In the above examples chain branching occurs as if in the bimolecular reaction of 
the vibration-excited molecule with F,. Another type of branching occurs in the reac- 
tion of methyl iodide 


F +CH,I HF * CHJI 
CH,I+ F, > CH,FI+F (AH 7 2310 kJ/mol) 
The energy exceeding the energy of the C—I bond (234 kJ/mol) is concentrated 


in the formed excited molecule, and hence, the formation of the excited molecule is 
followed by its decomposition 


CH,FI* > CH,F+I, CHF «F,—CH F,+F 


Luminescence is observed during the reaction, and the concentration of atomic 
iodine reaches 10% of the initial concentration of fluorine. Branching is limited by 
the monomolecular decomposition of the vibration-excited molecule. 


12.4. Chemical lasers based on chain reactions 


As it is known, a laser (optical quantum generator) generates coherent electro- 
magnetic waves. It operation is based on the forced emission of photons under the 
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action of an external electromagnetic field. With this purpose, such an inverse popu- 
lation of species in the excited state with the E» energy is created in the working body 
(for example, gas) of the radiation source that the number of excited species exceeds 
the number of non-excited species with the energy E,. Then when the electromag- 
netic wave with the frequency « = (E; — E, JAL 2n passes through the medium, its 
intensity increases due to acts of induced light emission by excited species. The 
amplification of the electromagnetic wave due to forced emission results in the expo- 
nential increase in its intensity / during passing the pathway z 


17 hexp[(a - Byz] (12.20) 


where / = J, at z = 0, a is the coefficient of quantum amplification, and B is the coefficient total 
losses. 


The coefficient œ ~ (N* - N), and amplification is possible only when a > f, i.e., 
the condition « = ß is critical. 


Light generation occurs in a cavity, which usually has the cylindrical shape with 
mirrors at the edges. The inverse population of molecules is created by this or anoth- 
er method in the working body. Photons emitted in the medium pass near excited 
molecules and result in the emission of new photons, etc. The photons, which were 
randomly emitted along the cavity axis, are multiply reflected from the mirrors and 
generate an avalanche of such photons in the medium. The cavity length is chosen in 
such a way that a whole number of waves fall in its length, so that the multiple reflec- 
tions of photons result in the appearance in the cavity of standing waves, whose 
intensity is enhanced as an avalanche. Coherent radiation directed along the cavity 
axis is generated in the laser. One of the mirrors is made semi-transparent or with a 
hole for the radiation to exit from the cavity. The inverse population of the working 
medium in the laser is achieved by various methods, for example, by the irradiation 
of the working medium with special lamps; a gas discharge is used; an electron beam 
is passed; gas-dynamic method. In one of the methods, namely, chemical, a portion 
of the energy released in the reaction is used. 


Several requirements are imposed on the chemical reaction used in a chemolaser. 


1.Since excited species must appear in the system, only an exothermic reaction 
can serve as their source. The energy released in it (E = -AH) should exceed the exci- 
tation energy of the species, which serve as the radiation source. For example, in the 
reaction of H with F, an energy of 408 kJ/mol is released (see 12.3), which is enough 
to excite HF to the vibration level with the quantum number v = 10. 


2.The excited species relaxes; therefore, such species should be formed rapidly 
because only in this case we can create the situation with inversely populated species 
in the system. For example, the reaction of F with H, occurs rapidly. At room tem- 
perature this reaction occurs in one of forty bimolecular collisions. 


3.The laser to work needs that a considerable part of this energy would be trans- 
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formed in the energy formed used for the creation of laser radiation. Therefore, it is 
very important how the released energy is distributed between different types of 
energy of species (translational, rotational, vibrational, electronic). 


Various deactivation processes have a strong influence of the power and other 
characteristics of the laser. All these forms are combined most favorably in fluoro- 
hydrogen lasers. Therefore, we consider this system in more detail. 


The reaction of H with F, occurs with a high rate constant 
ky = 10  exp(-10/RT) = 1.810? 1/(mol s) (298 K) 


As a result of this exothermic reaction, the HF product is obtained in the vibra- 
tion-excited state. The probability of HF* formation at the vibration level is P(v) = 
0.07 (v = 3), 0.14 (v = 4), 0.35 (v = 5), and 0.44 (v = 6). The reaction of F with H, 
occurs also rapidly 


ky = 1.6-10"'exp(-7/RT) = 9.4:10° 1/(mol s) (298 K) 
The probability is P(v) = 0.7 (v = 1), 0.55 (v = 2), and 0.28 (v = 3). 


As already mentioned, processes of energy transfer are very important. The ener- 
gy transfer of the type V — T, R (transition of the vibrational energy to translational 
or rotational) results in the deactivation of species, which serve as a source of laser 
radiation. The deactivation rate depends on the species M with which HF collides 
and on temperature. The rate constants of the process are presented below. 


HF(v = 1)+M—*>HF(v =0)+M 


M T,K k, l/(mol s) 
HF 295-1000 310! r! 4 7.1100 T 
Ar 800-2400 LTI 
He 1350-4000 55.10 744^ 

F 1400-4100 Qe 

H, 295-610 16775 

F, 350 2:408 


On colliding of two molecules, the vibrational energy is transited from one mol- 
ecule to another. In this transition the vibrational quantum number changes by unity. 
The probability of the transition depends on the energy of transition in both mole- 
cules. The transition occurs rapidly when these energies are close. 


There are two types of HF lasers: one of them works on the basis of the non-chain 
reaction, and others use the chain reaction in the H, + F, system. In the first case, flu- 
orine atoms are generated from the fluorine-containing compound by this or another 
method (photolysis, electric charge, electron beam, efc.). The fluorine atoms react 
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with hydrogen molecules to form vibration-excited HF molecules, which are the 
source of laser radiation. Some such systems are presented below. 


System Pressure, kPa Pulse duration, Energy, K 
us 
NF;—CHA4(H4) 1.3-5.0 1 0.025 
SF&—C3Hg 6 0.25 7.5 
SF;—H; 20 0.20 1 
F—H, 133 0.025 2500 


The efficiency of such laser, i.e, the ratio of the laser radiation energy to the ener- 
gy of initiated electric discharge, is 496, that is, low. For the creation of highly pow- 
erful lasers the chain reaction has an obvious advantage over the non-chain reaction 
because in these lasers the chemical energy (AH) of the chain process is the main 
energy source. The laser using the chain reaction H5 + F, operates in the pressure 
interval p, < p < p», where p, and p are the lowest and upper limits of ignition. The 
inert gas is helium. Since the chain reaction appears spontaneously, the inhibitor 
(molecular oxygen) is added to the mixture to control the reaction, and a light flash 
is used for initiation. A portion of the energy of excited molecules is consumed to 
branching. Therefore, the spectrum of this laser contains lines corresponding to the 
transitions HF(v) — HF(v - 1) for v < 4. Below we present the wavelengths corre- 
sponding to different transitions in HF, depending on the rotational quantum number 
J. 


Transition Rotational quantum number J of HF molecules 
v9 v-l 
10 5 6 7 8 9 10 
A(mkm) 2.672 2.707 2.743 2.782 2.822 2.865 
221 2 3 4 5 6 7 8 
A(mkm) 2.696 2.727 2.760 2.795 2.831 2.870 2.910 
322 3 4 5 6 7 8 9 
A(mkm) 2.853 2.888 2.925 2.963 2.000 — 2.047 2.093 
423 1 2 3 4 5 6 7 


A(mkm) 2.922 2.954 2.989 3.026 3.064 3.105 3.148 


The laser pulse duration depends on the composition of the mixture and varies in 
an interval of 2—12 us. The maximum emission intensity, for example, for the mix- 
ture H, : F, : He = 1: 2 : 40, reaches 500 W/cm’. 
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The electric efficiency of the transformation of the pulse energy into the laser 
energy achieves 160%, and the output energy of the laser is to 2500 J. The specific 
energy initiated by pulse photolysis reaches 80% J/l. These characteristics draw the 
HF laser to pulse CO; and CO lasers. For more detailed information about the branch 
chain reactions see Biblography. 
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Chapter 13 


Methods for studying chain reactions 


Methods for studying chain reactions appeared and were improved in parallel 
with their discovery and study. Experimental evidence for the chain mechanism of the 
process and participation in it of free atoms and radicals gained significance at the 
first stage of development of the kinetics of chain reactions (1920-1940). It seems 
reasonable to consider briefly these proofs. 


High quantum yield. According to Einstein's law of photochemical equivalence, 
one photon is absorbed by one molecule to induce a chemical transformation of only 
this molecule. If the quantum yield is ® > 1, this indicates the photoinitiated chain 
process. For the first time P >> 1 (up to 10°) was observed by M. Bodenstein for the 
reaction of Cl; with H, (1913). 


Initiator of chain reaction. 1f the reaction proceeds via the chain mechanism, the 
introduction of a substance, which decomposes to radicals under experimental condi- 
tions, accelerates this reaction. Very often the chain process, for example, polymer- 
ization, does not occur without an initiator. The yield of the reaction products per 
decomposed initiator is always higher than unity. 


Influence of wall. When the chain reaction occurs in the gas phase, chain termi- 
nation very often occurs both in the bulk and on the wall. Therefore, the chain reac- 
tion is very sensitive; its rate depends on the material of the reactor wall, its prelimi- 
nary treatment, and sizes and shape of the reaction vessel. 


Inhibitors of chain reactions. A simple reaction cannot be retarded by minor addi- 
tives of various substances. The chain reaction is retarded by an inhibitor, viz., the 
substance reacting with active centers and thus terminating chains. Inhibition of chain 
reactions was predicted by Christiansen and used for the first time by H. Backstrom 
as evidence for the chain mechanism of oxidation of sulfite and benzaldehyde (1926). 


13.1. Methods of identification of radicals and intermediate 
products of chain reaction 


The method of metallic mirrors was first to be used for the identification of radi- 
cals formed in the gas mixture (F. Paneth, 1929). Later the toluene method appeared 
(M. Szwarc, 1947): participation of radicals was concluded from the formation of 
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dibenzyl from toluene added to the reaction mixture. Then researchers began to use 
widely the ESR method for the identification of radicals and study of the kinetics of 
their transformation. However, we often meet the situation when the concentration of 
radicals is so low that the ESR method does not allow their detection. Then com- 
pounds, traps of free radicals, are used, such as (CH43),CN(O). The latter reacts with 
a free radical to give the stable nitroxyl radicals detected by the ESR method. 


Participation of atomic hydrogen in this or another reaction can be concluded 
from the ortho-para-conversion of hydrogen. In the equilibrium state hydrogen con- 
sists of 7596 ortho-dihydrogen (nuclear spins are parallel) and 25% para-dihydrogen 
(nuclear spins are antiparallel). If only para-dihydrogen is introduced into the system, 
its transformation in the reaction mixture into ortho-dihydrogen indicates the gener- 
ation of hydrogen atoms because ortho-para-conversion occurs in the reaction 


H +n-H, 5 o-H, +H 


Hydrogen atoms recombine especially intensely on the surface of some com- 
pounds, for example, on the ZnO-Cr;O, mixed oxide. Recombination is accompa- 
nied by heat liberation (436 kJ/mol). The presence of hydrogen atoms in the system 
is indicated by warming of the thermocouple, the surface of the capillary of which is 
covered with this compound. 


When radicals R: collide with electrons, the probability of formation of the R” 
ions is much higher than on bombardment of molecules containing the R residue. 
This fact is used in mass spectrometry for the identification of free radicals in gas. G. 
Eltenton proposed this method in 1942. 


Along with the listed above phenomenological, physical, and analytical methods 
for revealing the chain mechanism of the reaction, a rich arsenal of various purely 
kinetic methods of investigation was created during 75 years of development of this 
area. We will briefly describe them below. 


13.2. Method of free radical acceptors 


Radical generation is the necessary stage of the chain process, which limits its 
rate. If a radical acceptor is introduced into the system, it reacts, first, with radicals 
and is consumed, and second, retards the chain process, i.e., is its inhibitor. 


The generation rate of free radicals can be measured from the consumption of the 
radical acceptor InH (inhibitor of the chain reaction, counter of free radicals). Stable 
free radicals are most frequently used as alkyl radicals: nitroxyl, phenoxyl, and 
diphenylpicrylhydrazyl. Inhibitors of oxidation, viz., phenol, naphthols, and aromat- 
ic amines, are applied for accepting peroxyl and alkoxyl radicals. 
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The consumption rate of the radical acceptor vi; is related to the initiation rate 
v; by the correlation v; = fnn. If the acceptor is a stable radical, then most frequent- 
ly f= 2 because the radical formed from the acceptor reacts with another radical. For 
example, the consumption of I, during alkyl radical generation in a solution is per- 
formed by the reaction 


R«L —RI4L R«I—RI 


When the initiator decomposes to radicals, only some free radicals escape from 
the cage into the bulk and react with the acceptor. Therefore, the correlation v; = 2ev; 
or k; = 2ek,, where e is the probability of radical pair to escape to the solution, is valid 
for the decomposition rate of the initiator v; and initiation rate v; measured from the 
consumption of the acceptor. This simple correlation is valid when the initiator 
decomposes only homolytically and does not undergo induced decomposition. 


An experiment is usually conducted in such a manner that the initiator concen- 
tration remains almost unchanged and the condition v; = const is fulfilled. After 
measuring Vinn, v; is calculated, the dependence between v; and c4, v; and cp (in the 
binary system) is found, and k : k; = v/c4 (monomolecular decomposition), v;  k/c u^ 
(bimolecular decomposition of A), or v; = k/c4cg (bimolecular reaction between A 
and B) is calculated. Several conditions must be fulfilled for the consumption rate of 
the inhibitor (radical acceptor) InH equals the initiation rate with an accuracy to the 
coefficient f. Let us consider the simplified scheme of reactions in a solution con- 
taining the initiator I and inhibitor InH 


I——R 
R + R—— Molecular products, 


R+InH—™>RH +in 
in+(f-1)R Molecular products 


It is evident that 
Vink =S MI] if. fg [InH][R-] >> 24 [R] 
or 
fonu lInH] >> QXA[I? 


that is, it is necessary that the inhibitor is introduced in a sufficiently high concen- 
tration 


[InH] >> Q£& [I ^ f^ Ki 
Assume that 2k, = 10° (mol s), f kiny = 10°, and KI] = 10° mol/(1 s), then [InH] 
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>> 10? mol/l. The optimum concentration of the acceptor is chosen from two con- 
cepts. On the one hand, as shown above, it is necessary that the acceptor “intercepts” 
almost all radicals, i.e., [InH] > [InH] yin. On the other hand, during the time of exper- 
iment 7 a considerable portion of the acceptor, e.g., 1/p part of its, should be con- 
sumed, i.e., f [InH] < p&[I]t. Combining both inequalities, we obtain 


(KA) Uf kinal]? << [InHY[T] < pf "kit (13.1) 


that is there is a certain interval of ratios of the concentrations of the acceptor to ini- 
tiator in which this acceptor can be used for measuring k;. 


Sometimes the induction period of the chain reaction (for example, oxidation or 
polymerization) is measured rather than the consumption of the radical acceptor. In 
this case, known concentrations of the initiator and inhibitor (radical acceptor) are 
introduced into the system. If during the induction process the initiator remains the 
only source of free radicals and the inhibitor is consumed only in the reaction with 
free radicals and all chains terminate in the reaction of the radicals with inhibitor, 
then 


v; = f [InH] and k; = f [nH] h 

The measurement of the initial rate of consumption of the radical acceptor makes 
it possible to determine only &;. If the experiment is carried out in such a way that the 
all substance-initiator decomposes within this time, then both k4 and k; can be deter- 
mined from the kinetic curve of consumption of the free radical acceptor. In these 
experiments the acceptor is added in excess for all radicals formed from the initiator 
would react with the acceptor. The rate of acceptor consumption under these condi- 
tions is the following: 


-d[(InH]/dt = (2ek,/f )cexp(-kgt) (13.2) 
and the kinetics of its consumption is described by the equation 
log{({InH], - [InH]..)/({InH] - [InH]..)} = 0.43£4t (13.3) 


Using the slope of the straight line in the coordinates log(13.3)-t, we find kg, and 
the difference [InH], - [InH] allows us to determine the probability of escape of rad- 
icals from the cage 


e = 0.5/f[InH], - [InH])/[I], (13.4) 


In these experiments the same precautions as in the previous method have to be 
taken 


[InH] > [InH],, = (2k AL) Uf kinn 
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and k; and kq obtained from the experiment should be independent of [InH],. 


13.3. Methods of chain reaction initiation 


The study of the kinetics of the chain reaction makes it possible to establish the 
limiting stage of chain propagation and the character of chain termination and to 
obtain the quantitative kinetic characteristic of the chain process as a ratio of rate 
constants of limiting stages. The study of the rate of the chain process at different ini- 
tiation rates is also significant. 


Initiation rate 


In the system where the chain reaction can develop, initiation with the known 
specified rate is created by either the introduction of an initiator, which decomposes 
to radicals with the known rate constant, or photochemically, or under the action of 
penetrating radiation (y beams, B beams). The dependence of the chain reaction rate 
v on the initiation rate v; allows one to judge about the character of chain termina- 
tion. If v ~ v; chain termination has the first order with respect to the concentration 
of active centers; if v ~ v; ”, ? it has the second order. In the liquid phase in the absence 
of an inhibitor, chains termination is monomolecular, and the rate of the chain reac- 
tion, e.g., polymerization of the monomer M, is 


v=v, +k, (2k, Y"? [M] v7 (13.5) 

The empirical „dependence of v on v; ? makes it possible to determine the param- 
eter a = kk)" ? which characterizes the rate of the chain process. Knowing this 
parameter, one can find the k, value, if the rate constant k, or the ratio k,/2k, are 
known or measured by the independent method (see Section 15.3.2). The parameter 
a allows one to measure the initiation rate for a non-studied radical source. If this 


source is the initiator I, then v; = &,[I], and k; is determined from a series of experi- 
ments with different initial concentrations of the initiator using the equation 


k; 7 va^ [MPE (13.6) 


The parameter a allows one to estimate the upper limit with respect to v; when 
the process proceeds via the chain pathway, that is, when v > 1. Since 


vev/v, =k, (2k, J "[Mlv ^ 
then v > 1 of the condition is fulfilled 
2 2 
v, < £ [M] / 2k, (13.7) 


Since the reaction rate measured experimentally v > Vmin (where Vmin is the low- 
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est limit determined in experiment), the interval of reaction rate in the chain regime 
accessible for studying is determined by the inequality 


vus «v «E [MF / 2k, (13.8) 


Since the ratio ky Dk, decreases with temperature decreasing (always E, > E), 
then Tmin exists below which the reaction in the chain regime cannot be reproduced 
and studied. 


When the initiator is used in such experiments, it is important that its decompo- 
sition to radicals occurs, on the one hand, with a sufficiently high rate and, on the 
other hand, not very rapidly for the condition v; ~ constant is fulfilled during the time 
of the experiment, that is, kg << f (where t is the time of the experiment). This con- 
dition is expressed by the inequality 


min 


2k Vain / K, IMPLI k, << f ' (13.9) 
For Vmin = 10°’ mol/(1s), [I] = 0.1M, and 1 = 10° s, this inequality takes the form 
10™[2k, / (k [MPP )]S 10 °k, << 1 (13.10) 


Method of mixed initiation 


The cases when the components of the system participate in both chain initiation 
and propagation are met rather often. For example, the introduction of alcohol and 
hydroperoxide into oxidized hydrocarbon, first, results, in the additional initiation 
(see Section 11.3) and, second, changes the ratio k(2k) due to the participation of 
both components in chain propagation (peroxyl radicals of hydrocarbon react with 
ROH and ROOH, which changes the composition and concentration of the radicals). 
The method of studying is the following. 


The initiator I for which k; is known is introduced into the system where the chain 
reaction develops, for example, RH is oxidized and radicals are generated with the 
unknown rate v; ,. A series of experiments with different concentrations of I is per- 
formed, and the rate of the chain reaction is measured in each experiment. If chain 
termination is bimoleculare, the rate of the chain reaction (v >> vj) is related to the 
initiator concentration by the ratio 


v =k; (2k, )—2[RH] (v, +k, (1) (13.11) 


Using the linear dependence of v? on [I], which has the form v 2A BL], the 
coefficients A and B along with the following magnitudes are determined: 


v, =k, A/B, (2k, y' -B[I k, IRH}? 


The conditions are selected in such a way that, first, the reaction proceeds via the 
chain route (inequality (13.8) is fulfilled); second, during the time of the experiment 
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v; = const (inequality (13.9)); and third, v; , and &,{I] should be commensurable, i.e., 
the inequality 0.5v;, < K[I] < Sv; , should be valid. 


This method can also be applied when active centers decay in the reaction of the 
first order. In this case, the dependence of v on [I] is linear 


v = k (kY [RH](v;, + kD) 


The method can also be used when chains terminate simultaneously in reactions 
of the first and second orders, then 


kill} + v;, = Av’ + Bv (13.12) 
A= 2k(K [RH])", B=k, (k,[RH]") (13.13) 
Three experiments with different concentrations of the initiator make it possible 
to calculate v; ,, 4, and B. 
Autoinitiated regime of chain reaction 


The opposite situation is observed in autoxidation reactions of organic com- 
pounds when the rate of radical generation increases during in the reaction course 
due to the formation of hydroperoxides. If ROOH decomposes to radicals in the reac- 
tion of the first order, then in the initial moment when the rate of ROOH formation 
is much higher than the rate of its decomposition 


v-k,Qk)y" '[RH]v/7, v, zv, *k,[ROOH] 
and the kinetics of hydroperoxide accumulation is described by the formula 


[ROOHJ/ = 0.250" [RH] kt + a[RH]v;s (13.14) 


where v; is the rate of radical generation without participation of ROOH; a = ER 


Very often the rate of chain generation is so low that at rather long time the term 
a[RH]v;, in equation (13.14) can be neglected. Then the kinetics of ROOH accumu- 
lation is described by the simple expression 


A[O, ? 2 [ROOH]"* =Q Sa [RH X "t (13.15) 


Since the coefficient a can easily be determined in experiments on the initiated 
oxidation of RH, the rectification of the dependence by (13.15) allows one to deter- 
mine the rate constant k;. Rectifying the experimental results by (13.14), we can esti- 
mate the rate chain initiation v;,. 


At a rather high concentration of ROOH, the radicals are generated by the bimol- 
ecular reaction with the rate k'[ROOHT,, so that the total rate of radical generation 


v; = Vj + K[ROOH]  &/[ROOH] 
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The kinetics of accumulation of ROOH when its decomposition is insignificant 
and V; is very low and described at rather high t and [ROOH] by the expression 


AIn[ROOH] = & [RH(/2K) ^t  In(k/4k) (13.16) 


which makes it possible to estimate k; at known kk)". 


13.4. Photochemical methods for studying elementary steps 


The study of the kinetics of chain reactions in the stationary regime allows one to 
determine a combination of the rate constants k,Qk)^ for bimolecular chain termi- 
nation and k,/k, for chain termination in the first-order reaction. Non-stationary kinet- 
ic methods should be used for the estimation of the absolute values of rate constants. 
The sector method and the method of photochemical aftereffect found wide use in 
studying the mechanism of radical polymerization reactions. 


13.4.1. Sector method (method of intermittent irradiation) 


The theory of this method was developed by D. Chapman, F. Briers, and E. 
Walters in 1926. However, only in 1937 this method was experimentally applied and 
used for studying the radical polymerization of vinylic compounds (H. Melwille, 
1937). 


The method is applied for measuring the lifetime of active centers (atoms and 
radicals) in chain reactions with square chain termination. The method is based on 
the periodical initiation with light of formation of active centers and the change in 
the duration of light and dark periods from experiment to experiment.* When the 
duration of the dark period is shorter than the lifetime of the active center (the sector 
is rapidly rotated), the reaction occurs rapidly, as under continuous initiation, with 
the rate (1 + py, where r is the ratio of the dark to light periods, and the rate is vy~ 
vj "(1  r)?. At a long duration of the dark period (the sector rotates slowly), the 
reaction occurs only in irradiation periods, and the average rate is v, ~ vi +r) ae 


The transition from one regime to another occurs at such a dark period, whose 
duration is commensurable with the lifetime of the active center leading the chain 
reaction. The method is based on the dependence of the chain length on the initiation 
rate at square chain termination (v ~ we 

For the intermittent irradiation, the rate of chain transformation of RH is the fol- 
lowing: 


* The light and dark periods are alternated using a rotating disk with slits (sectors). 
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Vo = k(v/2k) " [RH] 


At the fast rotation of the disk when the dark period is kg << kyy’, the concentra- 
tion of radicals corresponds to the average initiation rate v{1 + ry, where r = t/t 
and vy—- vo(1 + ry" ? At the slow rotation of the disk, the reaction occurs only dur- 
ing the irradiation period, and the average rate during many periods is the following: 


v,=Vvo(l +r)" 
The ratio is 
_ ul 2 
vévs=(1 +r) =2atr=3 
The transition from one regime to another occurs at 
tg = QR) ^ 


The experiment is performed as follows (Fig. 13.1). The reaction mixture is 
placed in a thermostatted vessel 6 with transparent planar-parallel walls. The vessel 
is irradiated with the light with such a wavelength that generates radicals. Disk 4 is 
placed in the point where the beams are focused and is rotated. The reaction rate is 
measured by this or another method from experiment to experiment, and the empir- 
ical dependence of the v/v, ratio on log, is plotted, td is found from the rotation 
velocity of the disk and the ratio between the sizes of the dark and light sectors (usu- 
ally r = 3). This empirical dependence is compared with the theoretical one, and 2k; 
is determined by comparison, and from this 2k, is calculated. The initiation rate is 
measured by the methods of inhibitors (see above) or through the chain reaction rate 
and the 4,/2k, ratio. 


The sector method provides reliable results when such conditions are fulfilled as 
uniform initiation over the whole reactor volume, rectangular (or close to it) shape of 
the light pulse (this is achieved by bringing the light beam to the point where the light 
beam is crossed by 
the disk), long 
chains, square char- 
acter of the chain 
termination, and the 
absence (or a low 
rate) of the dark 
reaction. 





The sector : f : 
method can be used Fig. 13.1. Scheme of the sector installation: /, light 


in the cases when source; 2, diaphragms; 3, lenses; 4, rotating 
chains terminate disk; 5, filter; 6, reaction cell; 7, photomulti- 
both quadratically plier; and 8, thermostat. 
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and linearly. However, in these cases, the ratio between k? and 2k, should be eluci- 
dated in special experiments (from the plot of v, vs. v,) and v/v, should be compared 
with logm at the corresponding parameter 


Y7 Ae Ukey + 88kw (13.17) 


In the case of the dark initiation reaction, it should also be taken into account 
because the v/v, ratio depends on the v//v;; ratio, where v; is the rate of dark initia- 
tion. The sector method is used for measurements of reaction rate constants of radi- 
cals leading polymerization and oxidation. It allows one to measure 2k, from 10° 
l/(mol s) and lower, the error being usually 25%. 


Using A[R’H] and stationary rate v at the known v; value, k, can be determined. 
The method can be used only for chain photochemically initiated reactions. Rather 
reliable measurement of k, and k,’ is possible when the time of chain development is 
longer than | s. 


13.4.2. Method of photochemical pre-effect and aftereffect 


At the photochemical initiation of the chain effect, after the light was switched 
on, some time period passes until the stationary radical concentration and constant 
reaction rate are established. This is used for measuring the rate constant of chain ter- 
mination. If chains terminate linearly, then after switching-on the light 


d[R]/dt= v, +k' [R], [R] =0, d AR'H]/dt -k,[R'H][R] (13.18) 


[R] - (E', Y (1-6 * ) 
At a low degree of conversion [R’H] = [R’H],, we have 
A[R'H] =k, (k', J' «[R' Hl [t +k", (e ** -D] = 
=k (KY v [R H], (13.19) 


(at long 7), which allows one to find k? by the extrapolation of the asymptotic straight 
line of accumulation A[R'H] to ¢ = 0. 


If chains terminate quadratically, then 
d{R]/ dt = v, - 2k [RF 
and 


[R] = (v, /2&, YPKE -1)/ (e* +] 
where t — UZV kY E 
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A[R'H] -ARH ae +1) E t—In2] food IR HI (at -1n2) 
2k, 2 2k, 
a= Qvk)? (13.20) 


which makes it possible to find 2k,v; and calculate k, by the extrapolation of the 
asymptotic kinetic straight line of accumulation A[R'H] to ¢ = 0 (the segment t = 
Qv) ""In2 is cut, Fig. 13.2). 


Light switching-off results in not the instant stop of the chain reaction but in its 


gradual decay. If chain terminate linearly and the light was switched off in the 
moment ¢ = 0, then 


d{R]/dt=~k' [R] and [R] =v,(k', )' exp( -k',t) 
A[R'H] = k (k )^ v [RH], = v/E', (13.21) 


where v is the stationary rate of the chain reaction, and k’, = v/A[R'H]. 


For square chain termination, some low initiation rate v'; should be retained after 
light switching-off. Then after light switching-off the following amount the sub- 
stance reacts due to the non-stationary concentration of radicals in the moment t = 0: 


A[R’H] = & Q)[R' H]In(1 + €)/2], where & = v/v’; (13.22) 


The use of the method is restricted by the systems where the amount of the sub- 
stance A[R’H] = vt, which exceeds the sensitivity of the analytical monitoring 
method, enters into the reaction during the lifetime of the active center. 


13.5. Methods of studying liquid- 
A[RH] phase oxidation of organic com- 
pounds 


The described above methods are 
universal and used for studying various 
chain reactions. In addition, several 
kinetic methods based on the specificity 
of the liquid-phase oxidation of organic 
compounds were developed in the six- 


Fig. 13.2. Kinetic curve of the chain reaction for switching-off (t = 0) and switch- 
ing-on the light (the moment is marked by arrow) in the photochemical 
aftereffect method. 
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ties. Below we briefly describe these methods. 


13.5.1. Chemiluminescence methods 


Liquid-phase oxidation of organic compounds is accompanied by weak chemilu- 
minescence , which was found in 1959 by R.F. Vasil'ev, V.Ya. Shlyapintokh, and 
O.N. Karpukhin. Chemiluminescence is due to the fact that the disproportionation of 
secondary peroxide radicals affords triplet-excited ketone. The yield of excited mol- 
ecules of ketone is 10-10? per disproportionation act. The most part of excited mol- 
ecules is quenched; the emission yield is 107-10? quanta per excited molecule. The 
low quantum luminescence yield results in the low luminescence intensity. 


To study chemiluminescence, a glass thermostatted reactor is placed in a light- 
proof chamber, hydrocarbon (most frequently it is well-studied ethylbenzene), an ini- 
tiation source, and photosensitizer are introduced, and oxidation is performed along 
with continuous oxygen bubbling. 9,10-Dibromoanthracene or europium chelate 
(europium tris-thenoyl trifluoroacetonate with phenanthroline) is used as the photo- 
sensitizer. The luminescence appeared during the reaction is collected by a mirror 
reflector and amplified by a photomultiplier, and the resulting signal is recorded 
using a self-recorder. The luminescence intensity appeared during oxidation is pro- 
portional to the rate of RO». disproportionation, and in the quasi-stationary regime of 
the initiation rate 


I= 2kmafRO;T = nav; (13.23) 
where Nen is the quantum yield of chemiluminescence. 


To determine the unknown initiation rate, experiments with the known v'; and 
unknown initiation rate v; are carried out under identical conditions, measuring the 
chemiluminescence intensities en and Zn respectively. The initiation rate is found 
from the formula 


vio V Kl) (13.24) 


The chemiluminescence method was widely used for studying the decomposition 
of initiators. Since 


lay = Way? V; = 2ek4H] 


In decreases in time with the decomposition of the initiator, so that kg and e can be 
measured from the chemiluminescence kinetics 


In(a/1, a) = kat (13.25) 


and 
e = vi 2kj], 
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where v; is determined from formula (13.22). 


Chemiluminescence can be used for monitoring [RO,'] and in the non-stationary 
regime. If oxidation is carried out with the initiation of radicals by the light with the 
rate vj, then [RO;:] = (v/2k)? and the luminescence intensity 7, 4 correspond to this 
regime. After the light was switched off, the RO; concentration decreases according 
to the equations (for numeration of the constants, see Chapter 11) 


-d[(RO; dt = 2k[RO; Y, [ROz }o/[ROz] - 1 = 2k{ROgJot 
The decrease in the luminescence intensity is described by the formula 
U aD? - 1-7 (ky) t (13.26) 


Using the slope of the straight line in the coordinates TAI P - t, the lifetime 
of RO; can be determined: 1 = kyy”, and 2k, is found at the known v;. The 
method of oxygen aftereffect was used rather often to find k,. The method is based 
on the fast initiation of the RO; + initiator system with oxygen. This is accompanied 
by a change in the luminescence intensity in time from Z, en at f= 0 to Loch at 1 — ©: 
Ij. a, corresponds to the concentration [RO; ], = [R], in the moment t = 0 when the 
concentration of R: is determined by their recombination in the absence of O, 


[R] = (v/26)'7 (13.27) 
where &', is the rate constant of decay (recombination and disproportionation) of R-. 


The changing in /,, in time is related to the establishment of the quasi-stationary 
concentration 


[RO;], = (v/2&)) 


Alkyl radicals decay with the diffusionally controlled rate and k, = 105-197? 
l/(mol s), and RO; decay much more slowly (k, = 10-10" l/(mol s)) and, therefore, 
[RO]. >> [RO], and luminescence enhances in time. The 2k, rate constant is 
found from the plot In(/, cn/Zcn) - t 

jhe = infest lea FS 
ap e= 


och 





(13.28) 


Several conditions must be fulfilled in the chemiluminescence method. 
Experiments should be carried out in hydrocarbon, whose oxidation affords second- 
ary (or primary) peroxyl radicals. The method was well approbated for ethylbenzene. 
It is important that all radicals of the initiator would react with hydrocarbon, finally 
exchanging to secondary peroxyl radicals. The initiator must no quench chemilumi- 
nescence. Since oxygen possesses a quenching capability, experiments must be car- 
tied out at such partial pressures of O2, which provide the fast transformation of R: 
into RO, but the quenching effect of O, is minimum. A photosensitizer is intro- 
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duced to enhance weak luminescence. In addition, it should be kept in mind that 
other processes, in particular, intracage radical recombination, could induce lumi- 
nescence in oxidized systems. 


13.5.2. Oxidation in the presence of hydroperoxide 


The measure of oxidizability of the RH substance is the parameter 2k ky "^, 
which includes the characteristic of the reactivity of RH and RO; with respect to RH 
and k,. To characterize the reactivity of RH in the reaction with RO», it is necessary 
to measure the rate constants of a series of hydrocarbons RjH with the peroxyl radi- 
cal of the same type. In 1962, J. Thomas and C. Tolman established that the intro- 
duction of tetralyl hydroperoxide in oxidized cumene retards its oxidation. They 
explained the retardation effect of ROOH by the fast exchange reaction of cumylper- 
oxyl by tetralylperoxyl radicals, which rapidly into the disproportionation reaction. 
Later, the method using this effect was developed (J. Howard, K. Ingold, 1967). 


The method is based on the oxidation of RH in the presence of an initiator and 
hydroperoxide, for example, (CH4),COOH. Hydroperoxide reacts rapidly with per- 
oxyl radicals, for example, tetralyl hydroperoxide reacts with (CH3),COO. with the 
rate constant k = 10°exp(-19/R7) = 530 at 303 K and 2200 l/(mol s) at 373 K. 
Therefore, at rather high its concentration, the RO; radicals are rapidly exchanged 
for the (CH3)3COO. radicals, which participate in both chain propagation and termi- 
nation. The scheme of chain oxidation of RH in the presence of (CH;);COOH 
includes the following key reactions: 


I2 i— SR; R+0, 2 RO, 
RO, +(CH,),COOH — ROOH «(CH ) £00 
(CH,),COÓ + RH—*— (CH ) COOH +R 
2(CH,),COÓ—:— (CH ,) COOC(CH )). 


Hydroperoxide is introduced in such a concentration that RO; are virtually com- 
pletely exchanged for (CH3)3COO-. To be sure in this, the dependence of the rate on 
the peroxide concentration is detected and such a concentration is chosen at which v 
= const. Usually v increases with an increase in (CH4),COOH because for 
(CH3),COO : k, is much lower than those for many other RO;. Under these condi- 
tions, the rate of chain oxidation of RH at v >> 1 is the following: 


v=k, [RH]Q& ) ^ v? (13.29) 


and the rate constant for the reaction of (CH;);COO. with RH is found from the for- 
mula 
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ABM = wy)! ?(2k,)” IRH] ' (13.30) 
For (CH3,COO,, 
2k, = 8:10 Pexp(-10/RT) (mol s). 


Changing RH from experiment to experiment, one can obtain a series of kf", 
which characterizes the reactivity of various RH toward the same type of peroxyl 
radicals, and the change of hydroperoxide from experiment to experiment allows one 
to obtain the reactivity of different RO» toward the chosen RH. The concentration of 
hydroperoxide, which provides the entire exchange of RO,-, depends on the 
[((CH3COOHJ][RH] ratio and activity of RH: the higher the latter, the more 
hydroperoxide needs to be introduced. At sufficiently high temperatures, one can do 
without an initiator because hydroperoxide itself becomes the radical source. If it 
decomposes to radicals by the reaction of a first order with the constant k; then ken 
is found from the formula 


ka” = v(2k,)'? [RH] '(ki{(CH3)3COOH])"” (13.31) 


13.6. Methods for studying inhibitors of chain reactions 


The mechanism of the inhibitor effect was studied in detail in chain reactions of 
oxidation of various compounds, first of all, hydrocarbons. It was studied in most 
detail for phenols. The developed procedures can find wider use, and we consider 
them using oxidation reactions as an example. 


Initial rate of inhibited oxidation (polymerization) 
In the cases when the In. radical formed from the InH inhibitor is not involved in 


chain propagation, chain termination proceeds via the reaction 


RO, + InH—*— ROOH +In 


and the rate of the inhibited chain reaction (k is referred to the stage of chain prop- 
agation, see Chapter 6) is 


v = v; + (k[RH]/f k [nH]; (13.32) 


Measuring the initial oxidation rate when [InH] ~ [InH], during the measurement 
time, we can determine the ratio of the constants 


k/k, - —À .IRH]. 


v-v, f [InH], 





(13.33) 
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Taking the series of inhibitors and knowing the k rate constant for the system 
RH—-RO;;, we can determine ky. The majority of rate constants of reactions of per- 
oxyl radicals with phenols were thus measured. Expressions (13.32) and (13.33) are 
valid in the case when all chains terminate on the inhibitor, i.e., the following condi- 
tion is fulfilled: 


f enH] >> (kev) (13.34) 


In the general case, when chains terminate in the reaction of both RO): with InH 
and RO; with RO», the following correlation is valid: 


2m f, v y? (13.35) 
v o 6'i 


where v —v- Vj, v, = v at [InH] = 0, and the chain length v, >> 1, k is referred to 
the reaction of RO»: with RO,:. The following conditions need to be fulfilled for the 
efficient use of this method. 


1. Inhibited oxidation should occur in the chain regime, otherwise the difference 
v - v; Will be very small and cannot be measured exactly. When accepting Vmin = 4, 
then 


[InH], < &j[RHJAf ky (13.36) 


2. During the time of measuring the initial rate (the time of experiment 4), only a 
small portion of the inhibitor (for example, 15%) should be consumed. This implies 
that the inhibitor should be introduced in a sufficiently high concentration. Since the 
inhibitor is consumed with the rate v/f, we have the inequality 


[InH], 7vjf/f (13.37) 


Evidently, the method makes it possible to measure such k; for which the condi- 
tion is fulfilled 


kyk < [RHV28vit (13.38) 


Therefore, we have to select such RH-InH pairs and temperature that the &/k; 
ratio falls in the region convenient for measurements. If the inhibitor reacts with 
RO; (k7) and with R: (k’7) (this case is realized in oxidized alcohols and polymers), 
the method allows one to determine both rate constants. With this purpose, a series 
of experiments is carried out at different partial oxygen pressures, changing the ratio 
of concentration [R-]/[RO,-] from experiment to experiment. The ratio of the k/k) 
and k’./k, rate constants are found from the plot, which in the analytical form looks 
as follows: 
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v, V? fk,InH] fk. RH] 


v; k [RH]  kYPo 


where v, = v at [InH], = 0, k is referred to the reaction R- + O5; and y is Henry's coefficient 
for O, in RH. 


Rate of inhibited oxidation as a time function 


The inhibitor is consumed in the course of the chain reaction. If all chains termi- 
nate on the inhibitor, it is consumed with a constant rate equal to v//f. Therefore, the 
inverse rate of inhibited oxidation linearly decreases in time 


l k, f (InH k,t 
M E MEL UM (13.39) 
v-v, k, v[RH] k, [RH] 
The plot (v - vy- t makes it possible to determine both k;/k; and v;. The method 
imposes less rigid restrictions on the RH-InH system and allows one to extent the 
k/k range, which can be measured. 


Kinetics of inhibited oxidation 


The k/k, ratio can also be estimated from the oxidation kinetics, measuring in 
time the amount of absorbed oxygen. The integration of equation (13.28) results in 
the expression (v >> vj) 


OEIRH),(, vt 
ao, A 1 | (13.40) 


Another simpler method was also proposed: the kinetic curve is plotted in the 
inverse coordinates: A[O2T '- f'. The initial region of the kinetic curve is transformed 
into the straight line, whose slope allows the determination of the &;/k; ratio 





A[O,]' _ k, f[InH], ! 
DO.T' _ k /ünH], 1 diii 
A(t”) k [RH] v, 
This procedure makes it possible to still more extend the range of measured k/k, 
and to study even such systems in which v = | at t = 0. 


Method of competing reactions 


The same species, viz., peroxyl radical participates in reactions of chain propa- 
gation and termination. Therefore, the RH—InH— RO; system can be treated as the 
system of competing reactions, where RH and InH compete for the same species, 
peroxyl radical. As a result of the reaction of RO, with RH, ROOH is formed or the 
O, molecule is absorbed, whereas in the reaction of RO; with InH the latter is con- 
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sumed. When in the experiment on inhibited oxidation we follow the consumption of 
the inhibitor and formation of hydroperoxide, then it turns out that they are related 
by the simple correlation 


E _ k, [RH], [InH], 
[ROOH] AnH] = BITS (13.42) 


At rather long chains A[InH] is low compared to [ROOH] and can be neglected. 
The advantage of the method is that it is applicable at both v; = const and variable v; 
that is, under conditions of autoinitiated inhibited oxidation. If hydroperoxide rapid- 
ly decomposes during inhibited oxidation, it is more reliable to use the amount of 
absorbed oxygen A[O»] instead of [ROOH]. The method can be used at both v > 1 
and v = 1 and under conditions when only some chains terminate on the inhibitor. 


Estimation of k; from the kinetics of inhibitor consumption 


When the inhibitor is introduced in such a concentration that all chains terminate 
on it, and the rate of its consumption is independent of its concentration and equals 
v; /f. This is used for the determination of the initiation rate. At rather low concen- 
tration of InH, the rate of its consumption depends on its concentration, which can 
be used for the determination of the rate constant k;. If the concentration of InH is so 
low that in its presence peroxyl radicals decay in the reaction with each other, then 
the rate of its consumption 


-d[InH]/ dt = k, [InH][RO, ]- (k/ko InHN^ (13.43) 
and the inhibitor is consumed by the reaction of a first order 
[InH] 2[InH], e", k -k,k; ^ 4^ (13.44) 


In a more general case, peroxyl radicals decay in two reactions RO, + RO; and 
RO» + InH, so that 


eee 1E (13.45) 


Uke i KV, 


6 

To determine k;, such a hydrocarbon is chosen for peroxyl radicals of which kę is 
known, the initiator is introduced, and the consumption of the inhibitor is monitored 
(for example, spectrophotometrically) during the experiment. From each experiment 
using (13.44), k is determined, and the extrapolation of k to [InH], = 0 gives pk g 
and k, is calculated. The use of this method requires a highly sensitive method for 
analysis for the inhibitor and such a choice of conditions that allows one to monitor 
the inhibitor using standard methods. If the duration of the experiment t is minimum, 
k € t! can be measured and, hence, £; € E MP The range of measuring k can 
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be extended if the experimental series is performed with different [InH], and such 
[InH], = [InH]'? is determined (empirically) at which 


Vinh = Vj/2f, that is, f vig = 1/2v; 
In this case, we have 
k, =v? ke? /2 f [InH], ; (13.46) 
The range of measuring Kk; can be extended by selecting RH(RO») with higher ke. 


Chemiluminescence methods of measuring k; 


Liquid-phase oxidation when secondary peroxyl radicals lead chains is charac- 
terized by chemiluminescence when the disproportionation of two secondary perox- 
yl radicals affords triplet-excited ketone, which is the emitter of luminescence 


2HR'OO > HR'OH * O, * R'« O 


The chemiluminescence intensity is 1 ~ [HR^OO- ^ vj (in the quasi-stationary 
regime). When the inhibitor is introduced, the concentration of RO, decreases and, 
hence, the chemiluminescence intensity decreases. The change in the intensity with 
the introduction of the inhibitor, for example, phenol, is related to [InH] by the cor- 
relation (/, and / are the chemiluminescence intensities in oxidized RH in the absence 
and presence of the inhibitor, respectively) 


I}? 2 Ae Lik / v, ko) (13.47) 


Using the plot of / vs. [InH], one finds k; at known v; and kę. The inhibitor is con- 
sumed during the experiment, and therefore, the chemiluminescence intensity 
increases. The kinetic curve of chemiluminescence is s-shaped. The maximum angu- 
lar coefficient of the chemiluminescence curve is 


[d(1,/ 1)/ dt], = 0.22k, V? / k, (13.48) 


The expression is valid in the cases when the products of inhibitor transformation 
are inactive as inhibitors or initiators. In some special cases, the introduction of the 
inhibitor (amine) into the oxidized substance does not quench but, by contrast, 
enhances chemiluminescence (see Chapter 11). 


13.7. Method for shifting limits of chain ignition 


The chain branched reaction is characterized by the upper p, and lower p, limits 
of ignition with respect to pressure when the branching rate is equal to the rate of 
chain termination. Using the shift of the ignition limit because of the introduction of 


Methods for studying chain reactions 405 


the substance reacting with active centers, one can determine the rate constant of this 
reaction. For hydrogen combustion, chains propagate and terminate by the reactions 
(see Chapter 11) 


ÓH«H, ——H,O«H, H«0,—:5HÓ«0 
When the substance RH is introduced, the following reactions occur 
H+RH—*>5H, +R, OH«RH — 9H. «R& 
0+RH—*>HO+R 
which can decrease the concentration of active centers (the R: radical cannot branch 


the chain as H). Therefore, the introduction of RH decreases the upper limit p; and 
increases the lower limit p;. The shift of p; and p, can be used to calculate ky. 


Plan bf ts [0,] 235; 
[RH] p, 2k, \ 2k, k) [Hj] 

When the lower limit is shifted under the conditions when reactions (8) and (9) 
can be neglected, Ap,/p; = (k7/2k2)(Pyy/p1). Since ky is known (logk; = 11.9 — 70/0), 
k; is found from the k7/(2k,) ratio (© = 2.3RT). 


406 


Part 5 


Homogeneous catalysis 


Chapter 14 


General Kinetic Regularities in Homogeneous Catalysis 


Homogeneous catalysts and enzymes accelerate processes with rather 
complicated kinetics. As a rule, several substrates are involved in reactions, 
multistage chemical transformations and electron transfer inside enzymes is 
often observed, and the cooperative interaction of active sites, positive and 
negative feedback, etc. are met. 


In this chapter we consider some problems of the formal kinetics of 
homogeneous catalytic and enzymatic reactions. Since many public editions are 
devoted to the kinetics of chemical and enzymatic reactions, here we revise 
briefly only general problems. A great attention is given to sections directly 
associated with the specific problems of catalysis. The theory of elementary acts 
of chemical and enzymatic processes is presented in Chapters 4 and 6. 


14.1. General principles of homogeneous and enzyme catalysis 


A large group of scientists, including the present authors, believe that a 
chemical catalytic process, as well as an enzymatic reaction a certain sequence of 
elementary chemical steps. Each of these steps proceeds by "ordinary" laws of 
chemical kinetics. The accelerating action of a catalyst is accounted for by the 
fact that its active centers become involved in such chemical reactions with 
substrate molecules and with such rates, which lead to an increase in the velocity 
of the process as a whole. Within the framework of these concepts, enzymes are 
characterized by a set of certain specific properties, which have been "polished 
off“ in the course of biological evolution. 
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According to modern concepts, the occurrence of a catalytic reaction 
proceeds at a sufficient rate provided by the following factors (selection? rules) 
operating in concert. 


The Thermodynamic Feasibility of the Process as a Whole. The change in 
the positive standard Gibbs energy (AG?) must not be greater than about 20-25 
kJ/mol. 


Smooth Thermodynamic Relief. The catalyst involved in a chemical 
process alters the path of the reaction in a favorable direction providing smooth 
thermodynamic relief of the process. In other words, the catalyst should avoid 
deep energy “holes” and high “hills” along the reaction path. 


Proximity and Orientation Effects of the Substrate Molecules and 
Catalytic Site. The preliminary approach of two reacting particles during 
complex catalyst-substrate formation, resulting from the interaction of the groups 
that do not participate directly in subsequent chemical reactions (binding 
groups), increases the rate constant of the reaction by about 10° times. The 
precise orientation of the substrate relative to catalytic groups may provide an 
acceleration of 10? to 10° times, depending on the type of the reactions. For the 
reaction involving three and more molecules, the additional acceleration due to 
these effects may be considerably greater. The proximity and precise orientation 
prevents a lost of entropy converting a multimolecular reaction to a unimolecular 
one. 


Low Energy Activation in Each Step. In certain cases, the rules “the better 
the thermodynamics of the step, the lower energy activation” (Polanyi-Semenov, 
Bronsted equations, for example) are fulfilled. Among factors determining low 
energy activation of elementary chemical steps are concerted and multi-electron 
mechanisms, mechanical stress on substrate and catalytic groups, optimum 
polarity and electrostatic field in the active site cavity. 


Favorable Quantum-Mechanical Factors. According to theory, the rate 
constant of an elementary step of a chemical process (k) depends significantly on 
the value of resonance integral V, which is proportional to the overlap integral S. 
The latter characterizes the degree of positive overlap of the electron 
wavefunctions. If the overlap is very significant, frequencies of electronic motion 
exceed the frequencies of nuclear motion with characteristic times t = 10°? to 10° 
P s. [n this case, adiabatic approximation is valid and k does not depend on V. If 
the overlap is slight, i.e., the centers are separated by a large distance or 
electronic transition are symmetrically forbidden, then k is proportional to Vv’. 
Another quantum-mechanical selection rule, the principle of the total spin 
conservation follows from the law of momentum conservation. 
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Effective Synchronization of Nuclei in a Chemical Concerted Reaction. 
In a concerted adiabatic process the transition from the initial to transition states 
occurs upon motion of nuclei (taking about 107° s) in a certain direction, which 
is only possible path that leads to reaction products. Obviously, the statistic 
thermal nature of chemical processes limits the number of nuclei, which can be 
involved in a signal elementary step. In such cases, the value of synchronization 
factor (Osm), which quantitatively characterized possibility of the concerted 
process can be markedly lower than 1. 


Formation of Ensembles of Catalysts. Capacity to be Regulated Formation 
of ordered catalytic ensembles can facilitate, to the great extent, accessibility of 
substrates in consecutive chemical and enzyme reactions. Capacity of catalysts to 
be or not to be active in proper space and proper time is of great importance 
especially in biological cells. 


14.2. Simple catalytic reactions 


The transformation of substrate S under the catalyst action, for example, 
enzyme E, occurs, as a rule, through the formation of the catalyst—substrate 
complex. 


The simplest reaction scheme is the following: 


ky kz 
E + S =ES —> E +P 
k.i (14.1) 


Since in many cases the stationary regime with respect to the ES complex is 
established rather rapidly (10? to 10° s), it is usually accepted that dE/dt ~ 0. 
Under the condition that the concentration of the substrate [S] is much greater 
than that of the catalyst [E], and the substrate is insignificantly consumed during 
the experiment, we obtain the following expression for the rate: 


= Ayko [E}olSlo (14 2) 
k [S] k 4 kp ` 


where Km = (kı + k2)/k; is named the Michaelis constant (after the author of the 
equation); Vmax = K2[E]o. The Michaelis constant numerically equals the substrate 
concentration at which v = vq4,/2. 
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Simple catalytic reactions 
Several methods for transformation of the Michaelis equation were proposed 
for finding Km and Vmax. They are shown in Fig. 14.1. 


In the case where k; >> kz, Km = Ks = k j/ki, i.e., equal to the dissociation 
constant of the ES complex named the substrate constant. 


(a) (b) 1 





Uae My 





v/[5], “Kn 5], 





-[s], Kn 


Fig. 14.1. Types of anamorphoses used for the determination of the parameters 
in the Michaelis equation (K,, is the Michaelis constant; Vmax is. the maximum 
rate; 1—3 correspond to the systems with different parameters Vmax (a), Km (b), 


or substrate concentration (e)). 
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The values of the constants in the Michaelis equation can be found by the 
analysis of the data on the pre-stationary kinetics, for example, from the kinetic 
curve of changing the concentration of the ES complex 


[Es] ELIS 


"(, [Spp - 9C iSo cna] (14.3) 


The stationary reversible reaction occurred according to (16.1) is described 
by the kinetic equation 


= -1 
yz vsKns[S]-vpKmplP] (14.4) 
1+ Kas[S]+ KmplP] 


Indices S and P are referred to the maximum rates and Michaelis constants for 
the substrate and product, respectively: 


ys = k2[E]o; vp = kK4[E]o, (14.5) 
Kmp = (k 4 +k2), Kms = (k1 + k2)/ ko 
For the reactions, whose rate depends on the degree of protonation of the 
catalyst, for example, when the EH* form is active and EH,” and E are inactive, 
the effective constant is the following: 


Km(H*)=Km(1+ Ka [HI  Kg[H* ] ))! (14.6) 


where K, and K, are the association constants for the EH' and EH,”* complexes, 
respectively. 


14.3. Methods of analysis of kinetic schemes 


Equations, which substantially simplify calculations for stationary processes, 
were proposed to find a relationship between the experimentally measured rates 
of enzymatic reactions and the corresponding set of the rate constants for 
particular stages and concentration of the reactants. 


The equations proposed by E. King and K. Altman can be illustrated by the 
enzymatic reaction with one substrate. The scheme of reactions is written as a 
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triangular cycle where the vertices correspond to the states of the enzyme and 
each arrow reflects the stage and indicates its direction 





kis] 
E i, ES 
NC TA 
K-s[F] kz 
EP 


A set of consequently arranged arrows leading to a given point in the plot 
corresponds to each state: for each stage the arrow length is equal to the rate 
constant value (or the product of the rate constant by the concentration) 


ky ky 
E <x 
T O x M 
kyS] k 
ES << >> $ 
ks ka & JP] 
ky " 
EP 4 0007. A 
a> kP) jh 
ks[P] kp 


The fraction of each state of the enzyme (the [E;]/[E]p ratio value) is proportional 
to sum of products of arrow lengths; the sum contains three terms (in the case of 
n state, n terms), and each product contains two cofactors (in the general case, n 
— 1). For the presented example, 


[EVLE]o x kik3  k 4k 5 +k3k2, 
[ES]/LE]o œ kks[ S] - Kk 5[S] k 4k S[P], 
LEPYLE]o oc k 3k EP] + ki eo [S] - k3k2[P] 


These values should be inserted into the kinetic equation 


d[P) ÁkSLEP]- k-3LEYPTEETo 
dt [E] - LES] 4 [EP] 


As a result, we get 
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k 1&5 T k 4k 5 + kok t 

di] 

"UPS = fkikak3 [S] - k 4k 3s [P]] (kyk3 + kk + kk, XS] 
(k 4k. 3 + kk. 3  k 5k 3)[P] 


If the product is formed irreversibly (k; = k. = 0 and k; >> Kk), the equation 
takes the form of classical Michaelis equation 


d[P] _ Vmax[ 5] 
di [S]-K, 
where 


max = k [E]o, Km =(kı +ky)/ky 


Another, more general method of analysis of complicated kinetic schemes 
(method of directed graphs) is illustrated by the irreversible reaction with one 
substrate and one product. The reaction scheme is written as a graph, viz., 
diagram plotted of nodal points (E, ES, EP) characterizing the state of the 
enzyme and connecting lines 


4 
N Z 


Trees (array of branches (arrows) connecting all nodes of the graph without 
cycle formation) are drawn up to each node of the graph. The branch value is 
equal to the rate constant or the product of the rate constant by the concentration. 
The tree value is the product of the branch values along the given route. The 
determinant of the node D; is the sum of the tree values converging at the given 
node. 





For the case considered, the set of the branches coincides with the set of the 
arrows in the scheme by E. King and K. Altman. The rate of the irreversible 
enzymatic reaction at k ; = 0 is the following: 
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S ADIER _ 
D,+D,+D;’ 
Dj = k 1k a A k 1&3 + k5k4, D2 - k3k, [5] * kaki [S], D3 = kika 


In the general case, 


Y k;D [E]o 
YD; 
where D; is corresponds to the states of the enzyme from which products are 


isolated; k; are the rate constants of product formation; summation in the 
denominator is performed over all states of the enzyme. 


y- 


14.4. Kinetic classification of catalytic reactions 


According to Klelend's classification, three types of mechanisms are 
distinguished. The mechanism is named ordered if its set of kinetic constants and 
dissociation constants of products and substrates in the expression for the 
enzymatic reaction rate depends on the order of addition of substrates or the 
order of product isolation. This dependence is absent for the non-ordered 
mechanism. The “ping-pong” mechanism corresponds to the case where one or 
more molecules of the product are isolated before other substrate molecules add 
to the enzyme macromolecule. One should additionally take into account the 
numbers of kinetically substantial substrates or products in the reaction, which 
are designated as mono-, bi-, tri-, tetra-, etc. “Iso” is used for designation of 
mechanisms including the stage of isomerization between two stable enzyme 
forms. 


The simple reversible reaction with one substrate and one product is 
attributed to the mono,mono type and graphically presented as follows: 


S P 
ES EP 


ES and EP are the enzyme— substrate and enzyme—product complexes. 
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The following diagrams performed in the simplified variants correspond to 
more complicated reaction mechanisms. 


Ordered bi,bi mechanism (two substrates; two products) 


Sg) So Po Po 
E ES  ESqj$0 EP Po EPo E 
Non-ordered bi,bi mechanism 


Sa) Sia) Pry Po) 












ESS EPP 





| 


Sa) S0) Pa Po) 


“Ping-pong” bi,bi mechanism (fragment oscillates between two stable forms E 
and F) 


Sa) Pa 50) Po) 


E ES EP F FSi, EP E 


14.5. Kinetic equations of multistage catalytic reactions 


Three-stage reaction with one substrate 
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ky kz 
E +S ==ES EP gp e E+P, 
ky -2 


= bk LET 
kinks + kok 4k ok a kzk4 + k_zk4 + Kaka 
k 1k 5k + kakak4 + k_yk3k, + kakzk4 
T kk + kyk_3 + kak- 3+ k5k4 t k 5k4 + kzk4 


(14.7) 
kk, 


For the reaction with n irreversible stages, 


xad pecie qo eR m P 


the kinetic analysis gives the expressions 


ntl 
y - [E] / | (14.8) 


_ (Ks / ka) 


m n+l 


>, 


For the reaction with n reversible and the last irreversible stages, we have 


(14.9) 


X (I< X2) > e5- y Yyc5 s. AX (es. AX (n) —— E+ P 


The process rate v is related to the rate constants of elementary steps k; and kj 
and the equilibrium constant K; = k/k; by the following expression: 


n 
y z [E]o Y4 > 
i=] 


where 
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A, = Ikn, 4,1 = V/k, +Kan [kn > 
A; = 1/k; + K; Ikiz + e+ KiKG K ja /k; +...4Kj.Ky 7 /k,, 
i<j<n 


For the ordered bi,bi mechanism (reaction with two substrates and one central 
complex), we have 


v = (ako Sa] - Kk 2& Sk gl Pay EF) DIE To / Z, 
E= aa +k a + kilk S) aL] 
+ Ao + ky) [Sq] + Kk 5k 34D] Ee $0] 
* (Ky + E) gk gl Pay [Ray] + Ao (5 + KE 509050517 
+ hkek a0) 91ES()1* V 2K 3ES0)1L01 
+ bk 3k 4[So Pay Way] + AK 4LS(2)1L/02)1 


(14.10) 


For the non-ordered bi,bi mechanism, the expression for v corresponds to the 
previous case at k; = kz, k.; = kz, kz = ky, and k.3 = k4. 


In the simplest variant, for the irreversible reaction (k; = k.4 = 0) and under 
the condition where k; << k.;, we have 


&[E]o 


y= 
1+ Ks, ASay]+ Ks, AS] + Ks Ks, Say Sey] 


(2) 
where Ksq) and Kso) are the substrate constants for the addition of the first and 
second substrate molecules, respectively. 


If the reaction is carried out at the saturating concentration of one of the 
substrates, the equation presented can be reduced to the Michaelis equation. 


The non-productive binding of the substrate resulting in the formation of the 
ES’ inactive complex according to the scheme 





E+s 





ES ———> E+P 


K's 








ES’ 


is described by the following expression for rate of substrate transformation: 
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-AlE — (14.11) 


Ks + 14s [Sl 
Ks 


14.6. Inhibitors and activators in catalysis 


Effects of catalyst inhibition and activation are substantial for regulating their 
activity in complicated, in particular, physiological, systems. Inhibitor methods 
serve as a tool for studying the structure and mechanism of the catalytic effect of 
active sites. Below we describe the most often met types of inhibition and 
activation. The graphical methods for analysis of kinetic data are illustrated in 
Fig. 14.2. 


Reversible inhibition. Competitive inhibition: inhibitor I competes with the 
substrate for the active site of enzyme 


S+ EES E + P,I + E«——»5IE 
ae << [S][E] << Ul (14.12) 
vis w! + Km Kz vgl UIST" 
o= vat [I] - 0 
K; can be found from the slope of the straight line in the [v] '—[S]o' coordinates. 


Competitive-less inhibition (Fig. 14.2, d): the inhibitor forms an inactive 
complex with the enzyme-substrate complex 


ES + 1 IES 
[1] >> [El << [5] 


v= vmak[S]o([S]o + Km + K, Kr LD) | 
v! = vol + Km Kr Vinx ST", 
Vo = v at [I] =0 


(14.13) 
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b 
(a) (b) 
tjv LU] ify ita 
u]-e 
[1]-0 
1/(s], 1/ [5], 
(c) (d) 
v t/v ü] 
"| rnm á 
[7]=0 ü1-0 
1/[5], 1/G]o 


Fig. 14.2. Graphical representation of different inhibition mechanisms: a, non- 
competitive; b, competitive; c, mixed; and d, competitive-less inhibition. 


Non-competitive inhibition (Fig. 14.2, a): addition of the inhibitor to the 
enzyme outside the active site to form the inactive form of the catalyst ([S]) >> 


[ED 


S+ EŠ ES EA P, 
I+ E4 s EIES + 1 4Ž IES 
v= vmadl $10 + Kr [5] Km) = vol + Kr UD, (14.14) 
v! = vt, (1+ Kp! LU) at [S] > o 


Non-competitive inhibition by substrate: the second substrate molecule 
affords the inactive complex with E 


ak ~i 
S+ EE ES— E +P, S + SEC ES ES, 
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v = b S]LE]o(L5] Km + Kg SP), 


[Ber (14.15) 


£z 4 
= K 
ST! = (Elo) | «^55 
S ral [S] (kal lo) (k[E]p) 
Irreversible inhibition. Inhibitors of this type react with the enzyme to 
irreversibly deactivate it. The enzyme activity decreases in time, unlike 
reversible inhibition when the degree of deactivation is time-independent under 
steady-state conditions 


Ky k, 
S + E4 ES -— E +P, (14.16) 
E + I —* DEACTIVATION 
dE Sm T 
-G = KUNE} = MLE WK +S)" = FEE] (14.17) 


At [E]o << [S] and [E]o << [I] 
[E] - LE (K,, +15) 1e™, 
v= Eg SKK, +S) e **, 


where t is the time from the moment of the enzyme mixing with the inhibitor to 
the moment of substrate addition. 


Allosteric inhibition is the type of inhibition, which occurs in enzymatic 
systems catalyzing several successive reactions if the effect of one of the 
enzymes reacting in the beginning of the process is suppressed by one or several 
products of subsequent enzymatic reactions. For the system of three enzymes, we 
have 





Sq — 9 S 2 Sq) — 8 Sq) 


When the substrate of enzyme Eg) simultaneously competitively inhibits 
enzyme E, the rates of substrate transformation are the following: 
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ins Ymax ES] IE max 21801. 
E DE e an har a eer rcc Gg Vm TAA ead Ur 
[Sq] + Ky + ES K 1) [S5] * Kma) (14.18) 
vu Vmax 319(3)] 


V3 = 
[S(3)]+ Km) 


No inhibition occurs at Vmax3 >> Vmax{S(3)] = 0; at Vmax3 << Vmaxi, the rate v; = 
Vmax3- 


Reversible activation. If activator A adds reversibly, in the simplest case we 
have 


S+ Ec ES I E+ PE + Ae KE EA, 
EA + S ni AES — 4, EA P 
v= Ky + ky Ks AYLEIESTQ + Ky 5] K 3 [A] + Ku [415]. 


[Elo Kma+KmaKa'lAl | 1+ Ky! i 
¥ Ka +kygKmaKa [A] koKm' e Ko Ko Ka [A] ES] 





14.7. Kinetics of cooperative processes 


A cooperative system can be defined as a system of interacting elements. In 
this system, the thermodynamic state and rate of changing in this state for each 
element at any time moment depends, in the general case, on the state of all 
others. As applied to the enzymatic catalysis, mainly two senses are put into the 
concept of cooperativeness. First, enzymes including several catalytic or 
regulating centers are considered. It is assumed that the thermodynamic and 
kinetic parameters of chemical transformations on each center depend on the 
state (for example, degrees of coverage with reactants) of the others. Second, the 
enzyme is presented as a cooperative ensemble of component-elements, for 
example, amino acid moieties and water molecules. In both senses, the 
cooperativeness of the system is that the equilibrium constant K or rate k values 
of particular steps are considered dependent on the state of other elements of the 
system. Below we present examples illustrating the specific features of the 
kinetics of cooperative processes. 
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The term allosterism is widely used in enzymology. It characterizes the effect 
of mutual indirect influence of reactant-effectors (substrates, inhibitors, or 
activators) bound to different spatially separated centers of the enzyme. Let us 
consider two types of such systems. 


14.7.1. Homotropic allosteric systems with direct cooperativeness 
(Koshland, Nemeti, Volmer model or Volkenstein model) 


An enzyme macromolecule contains n identical sites (subunits). The 
thermodynamic and kinetic properties of each subunit depend on the fact 
whether the adjacent subunit is free or occupied with substrate molecules. The 
following scheme corresponds to the two-centered system in which the square 
designated the state of the subunit unoccupied with the substrate and the circle 
designates the state occupied with the substrate: 


LO 
Cm 
[En] 


NC ky] 


» 


and 
- 2e E EJoESBK + aL) (14.19) 
BK? + 2BK[S] - [ST 


where a = kk», B = K'K, K = (k,+k,) and K’ = (k 4*k4)/k;. 
Cooperativeness appears at a + 1 and B 7 1. 


Conditions for the inflection point in the v(S) curve: 
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a < 0.5 and any B; (2) 1 >a>0.5 anda. / 2a + 1)>B>a’/Qa-1);G)a>1 
and a? / Qo? — 1) >b > a(2a — 1). 

The maximum is possible at a < 0.5 and any p. 


The so-called Hill coefficient characterizing the sharpness of changing the 
v(S) function is described by the expression 


_ dosh imax (max —»)] (14.20) 
dlog[S] l 


At small [S] n = 2; for the system of m identical centers n = m. The coefficient 
can be used to estimate the number of centers in the system. 


14.7.2. Homotropic system with indirect cooperativeness (Mono, Shanzhe 
and Wineberg model) 


A dimer from a subunit, as a whole, can exist in two or several symmetrical 
conformational state, R and T; the ligand affinity characterized by the 
equilibrium constants Kg and Ky changes with changing the state of oligomer 


cp 


xd x| 


2P SO) ~~ 


The mathematical expression for the process rate v, depending on [S], 
resembles, in general, equation (16.20). The distinction is the absence of the 
linear term with respect to [S] in the denominator and its presence in the 
nominator. As shown for O, binding with hemoglobin, it is difficult to choose 
between the models in the multi-centered systems from the kinetic data only. 
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14.7.3. Allosteric interactions in dissociating enzymatic systems 


The dissociation process of catalyst (enzyme) molecules to subunits can 
change the reactivity of active sites (Kurganov B.I). Therefore, the catalyst 
activity can be controlled by changing its concentration and varying 
concentrations of substrates, inhibitors, and environmental conditions. 


For the simplest system in which the catalyst dissociates to two subunits e: 


E «——2 2e and the rate of equilibrium establishment is higher than that of the 
catalytic reaction, the overall catalytic activity a depends on the specific 
activities of dimmer a; and monomer a, equilibrium rate constant Ko, and initial 
concentration of the enzyme [E]o 


a - d Spee etd (14.21) 
JL 8KoLE]s +1 


The experimental plot of the reaction rate vs. initial enzyme concentration is 
a criterion for the dissociative mechanism. The shift of the equilibrium due to 
different bindings of the substrate by the dimmer and monomer results in the 
deviation from the simple Michaelis equation because the effective binding 
constant K becomes a function of the local Michaelis constants for the dimmer 
Kme and monomer Kme and initial substrate concentration [S]o 


- g, ltIb/Knz. 
29 ^s 1+[S]o/Kme ee 


The K value depends analogously on the corresponding binding constants 
Kre and Ky, and concentration of the effector [F]o (inhibitor or activator) 


1 [Slo/Kme | [F]o/Kre 


K, 
mp 79] [Slp/Kme 1 LF lo/Kre 


(14.23) 


As follows from equation (14.22), if KreKre < [F]o, at certain ratios of the 
inhibition (activation) constants either positive or negative cooperative effects 
can be observed: depending on the fact which form of the catalyst, dimeric or 
monomeric, is more catalytically active and more strongly binds effector 
molecules. 
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14.7.4. Oscillation allosteric catalytic processes 


Oscillations of transformation rates and substrate concentrations in time 
appear in catalytic chains under certain conditions in the presence of a feedback 
between particular catalytic reactions. Let us consider the following reaction as 
an example: 


V max 1 Vmax2 Vmax 3 
Sy —— Ssa —— so ——*- 


Ee 


where Vmaxi> Vmax2, aNd Vmax3 are the maximum rates of the corresponding stages 
described by the simple Michaelis equations and constants Kmi, Kay, and Km3; & 
is the coefficient taking into account the degree of activation of the catalyst for 
the transformation So; — Sq by the product Sa with the constant Kmo = 
[Soy] (Kma + [Sey])- 


In the simplified case when the transformation Sa) — Sg) occurs with the 
constant rate v; and [Sq] << Kmi, the following equations are valid: 





diS] | [$5] [551 
dt T E OU AE Rea Sal 
diso] _ : [5015] , [So] 
dt max 2 Kok max 3 Ks 


Analysis of these equations indicates a possibility of different oscillation 
regimes, which are qualitatively illustrated in Fig. 14.3. The main reason for the 
appearance of oscillations is the presence of the feedback, which is the activation 
of the catalyst E with the substrate Sg). 


An increase in the concentration of this substrate results in the autocatalytic 
acceleration of the substrate So, consumption. The catalytic process almost 
ceases when the concentration of this substrate decreases substantially. Then the 
continuing feed of the substrate So; and consumption of the substrate Si again 
bring the system to the autocatalytic regime. Such cycles can multiply be 
repeated. 
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0 Time -— FDP 0 
Fig. 14.3. Time plots of the substrate concentrations (a) and the corresponding 


bifurcation plots. Curves of oscillation regimes (b) in the system with the 
feedback (FDP is fructosodiphosphate, F6P is fructoso-6-phosphate). 


14.8. On the methods of studying the mechanism of catalytic reactions 


The formal kinetics methods in combination with methods of detection of 
fast processes, as shown above, make it possible to establish the sequence and 
rate constants of individual steps of the catalytic process. The next stage of 
research is the establishment of occurrence of each step. 
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Among approaches to the establishment of reaction mechanisms, we can 
distinguish direct ones, associated with the direct detection of intermediate 
radical, ionic, or molecular species during the chemical reaction, and indirect 
methods. 


In indirect methods researchers use experimental dependence of the rates of 
the process or individual steps on the steric and electronic properties of 
substrates and inhibitors, on the polarity, donor-acceptor ability of the solvent, 
ionic strength, various additives reacting with intermediate species (for example, 
radicals), etc. The methods for quantitative account of some of these effects are 
presented in chapters considering the factors influencing the rate of chemical 
reactions and correlations. Let us concentrate our attention on two approaches, 
which are significant for the establishment of the mechanism: isotope 
substitution method and measurement reaction rates in magnetic fields. The 
application of the first method is traditional in catalysis. The use of the second 
method has just been started. 


The thermodynamic and kinetic isotope effects are mainly due to the 
differences in frequencies of isotope vibrations in the initial, transition, and final 
states (Chapter 8). The tunneling isotope effects become considerable, for 
example, when vibrational frequencies of bonds near the activation barrier 
exceed 1000 cm’! at the barrier value E > 20RT. Under these conditions, a 
proton tunnelates approximately twofold more rapidly than deuterium. The 
tunneling isotope effect increases substantially with the temperature decrease. 


According to estimations from the Marcus equations, the replacement of 
hydrogen by deuterium in water results in the isotope effect of increasing the 
electron transfer rate due to a change in the energy of medium reorganization. At 
room temperature the rate changes by 1.5—2 times. The dependence of the 
reaction rate on the concentration of D,O in the sample is used to establish the 
number of protons involved in the limiting step. If the change in the rate is 
proportional to the concentration of D,O, at this step one proton adds or 
eliminates. The second order indicates the participation of two protons. 


In pH depending reactions, enzymatic reactions for instance, one has to take 
into account that when HO is replaced by D;O the concentration of hydrogen 
ions changes, which is described by the equation pH = pD +4, and pK, of active 
groups increases by 0.2—0.5. 


A new type of the isotope effect, viz., magnetic isotope effect, has recently 
been discovered. The theory of influence of the magnetic field on the rate of 
chemical reactions is based on the fundamental law of angular momentum 
conservation. Naturally, this law also concerns the intrinsic angular momentum 
of electrons and nuclei (spin) Therefore, any changes in the total spin are 
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forbidden in systems without interactions of electron spins with orbital 
momentum or with spins of nuclei. This prohibition is partially lifted when the 
interactions above are present because channels appear for angular momentum 
transmittance to other electrons and nuclei. The efficiency of electron-nuclear, 
spin-spin, and spin-orbital interactions depends on the magnetic field intensity. 
These interactions cause the influence of the magnetic field on chemical 
processes, whose rate depends on the population of certain spin states of the 
system. 


Consider the problem about the mechanism of influence of the magnetic field 
for the recombination of the radical pair A} + Bf — ATJB. Figure 14.4 
illustrates the influence of the external magnetic field intensity Hp on the process, 
whose rate is proportional to the population of the singlet level in the radical 
pair. This process can be exemplified by the back recombination of charge 
separation from the singlet state in photosynthesis, which is detected by the 
delayed fluorescence. In the absence of the magnetic field (Ho = 0), the triplet 
level T is degenerate. 


(a) 


—T $—$—1T, 5— t —h 





Fig. 14.4. Influence of the permanent magnetic field on the population of the 
singlet level As dependent of the rate of singlet-triplet transition S @ T in the 
radical pair: a, in the absence of exchange interaction (J = 0); b, for exchange 
interaction (J > 0). 


When the magnetic field is applied, the T level is split into three levels: T., 
Te and T_. The efficiency of the transition S — T decreases due to the 
differences in the ks ., + values for transitions to different triplet levels. The S — 
To transition is more efficient than those to other levels. With an increase in the 
field intensity Ho the T. and T. levels more and more remove from the initial 
state (the position of Tg remains unchanged) and thus make a smaller 
contribution to the S — T transition. The relative population of the S level 
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increases, and the recombination rate enhances. With the further increase in Ho 
the T, and T. levels become so remote that the S — T. transition becomes 
insignificant, that is, the recombination rate becomes insensitive to the change in 
Hs. 


The qualitatively different situation is observed for a sufficiently strong 
exchange interaction between the components of the radical pair. In this case, in 
the absence of magnetic field, the energy levels of the system are split into two 
levels: singlet S and triplet T with the energy difference equal to 2J. The 
magnetic field application splits the triplet levels and approaches the T, level to 
the S level. This favors an increase in the probability of the S — T. transition, a 
decrease in the relative population of S, and, hence, a decrease in the 
recombination rate v (minimum). With the further increase in Ho the S and T. 
levels begin to remote, and the v(Ho) dependence is saturated in the limit. The 
minimum point satisfies the equality J = h” gBHmin which can be used for the 
calculation of J. 


Nuclear polarization effects on the rate of enzymatic reactions contributes 
significantly to the investigation of the kinetics and mechanism of electron 
transfer processes in catalytic systems. 


Recently, new approaches and new twist of traditional methods of 
investigation intermediates in chemical homogeneous catalysts and enzymes 
have been developed. These methods include nano-, pico- second, and femto- 
second time resolved optical, fluorescence and Resonance Raman techniques, 
Fourier-transform Infrared Spectroscopy, nano-second T-jump, pulse and high 
resolution ESR, method of transition state analogues (transition state 
discrimination inhibitors), chemical trapping of enzyme-substrates intermediates, 
monitoring enzymes reactions with mass spectrometry, affinity and photoaffinity 
labelling methods. Ways of regulation of enzyme activity, specificity and 
stability by the site-directed mutagenesis, chemical modification and use of 
organic solvents have been developed. 


One of the most promising approaches for elucidation of enzyme catalytic 
mechanisms and designing new catalysts is a “directed evolution”, method of 
purposeful mutation of non-enzymatic proteins to evolve desired activity 
mimicking native enzymes. Another important trend in chemical and enzyme 
catalysis is the growing role of theoretical calculation of thermodynamic 
parameters of enzyme reactions, computer analysis of X-ray structural models, 
taking from Data Base, computer modeling of structure of chemical catalysts and 
enzymes and their interaction with substrates and inhibitors, and theoretical 
construction of transition and pretransition states of reactions of interest. 
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The modern kinetic methods make it possible to establish the sequence of 
steps of enzymatic processes, measure the rate constants of particular stages in 
an interval of 10“ to 10°” s', and study the mechanisms of elementary steps and 
estimate the thermodynamic possibility of their occurrence. 


430 


Chapter 15 


Acid-base catalysis 


15.1. Acids and bases 


Reactions involving acids and bases represent a very large and important section 
of modern chemistry. They are widely used in chemical synthesis and technology, and 
many biochemical reactions occur with participation of acids. Charge transfer reac- 
tions occupy the central place in this area. 


J.N. Brónsted gave (1923) the classical definition of acids. An acid is a compound 
capable of donating a proton, and a base is a compound capable of withdrawing a pro- 
ton. Protic acids (Brónsted acids) include oxygen-containing inorganic acids (H,SO,, 
HNO;, HCIO,, and others), hydrogen halides, organic oxygen-containing acids 
RCOOH (HCOOH, CH;COORH, etc.), phenols (C;H5OH, NO;C&;H40H, and others), 
alcohols, diketones in the enolic form, nitro compounds, for example, (NO;4CH, 
HCN, and other hydrogen-containing compounds including hydrocarbons. A mole- 
cule (for example, HCI), anion (for example, HSO, and H,POJ), and cation (for 
example, NH{) can act as an acid. Molecules with a lone electron pair (H20, NH;, 
R3N, R50, ROH, CéH,, R5P) and anions, such as SOZ, CHOQ, OH , act as bases. 
Acid HA manifests itself as a proton donor only in the presence of base B, so that the 
proton transfer is a reaction of the type B + HA S BH' + A^ in which HA donating 
a proton is transformed into the acid BH’. Depending on the partner, the same sub- 
stance can behave as either an acid or a base: for example, in an aqueous solution 
acetic acid acts as an acid donating a proton to the solvent : 


CH,COOH -H;,O 5 CH;COO * H0, 


However, when sulfuric acid is dissolved in anhydrous acetic acid, the latter acts as a 
base: 


H)SO,+CH;COOH S HSO,+ CH,COOH:. 


In autoprotolysis CH;COOH also acts as both an acid and a base according to the 
dissociation equilibrium 


CH,COOH + CHCOOH 5  CH,COOH; + CH,COO. 
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The study of solid hydrates of strong acids, such as nitric, chloric, and sulfuric 
acid, showed that a proton, being added to water, forms the H3O* ion with the planar 
or oblate pyramidal structure. The bond between the proton and water molecule is 
very strong. According to the estimation from the thermodynamic cycle, it is 710 
kJ/mol (in the gas phase). The heat of dissolution of H4O' in water is estimated as 
380 kJ/mol. In an aqueous solution, as shown by spectral studies, the 
H,Oj(H,OHOHj)) ion is most stable. Superacids, for example, HSbFg and 
HSO3SbF,, are very active proton donors in nonaqueous solutions. 


Aprotic acids (Lewis acids) exist (and are used as catalysts) along with protic 
acids. Lewis acid is a substance capable of being an acceptor for an electron pair of 
a base. Lewis acids: BF;, AICI;, SO;, Ag’, H*. Lewis bases are substances that act as 
donors of an electron pair, for example, 


NH; (base) + BF, (acid) 5 H3NBF; 


The definitions of a base according to Brónsted (proton acceptor) and Lewis 
(electron pair donor in the reaction with an acid) virtually coincide. However, the 
definitions of an acid diverge, as we can see. The Bronsted acid is a proton donor, 
and the Lewis acid is an acceptor of a base (a substance bearing an unshared electron 
pair). 


Pearson introduced (1966) a concept of hard and soft acids and bases. Hard acids 
form more stable compounds with hard bases, and soft acids form more stable com- 
pounds with soft bases. 


Bases 
Hard Soft 
H,O, OH’, CH,;COO’, ROH, RO, R,S, RSH, RS, T, SCN, 
RO;, NH3, RNH,, F, CI, POF R4P, CN’, C;H,, CoH, H, R 
Acids 
H*, Li’, Na’, K*, Mg”, Cu’, Ag’, Hg", Pd”, 
Ca^*, AP", BF;, AIC], RCO* CH;Hg", L, Br, ICN 


The degree of hardness or softness is determined in an aqueous solution by the 
state of equilibrium: 


CH,Hg' -BH S CH,HgB+H™ 


Here CH4Hg' is the soft acid, and H* is the hard acid. If K > 1, base B is soft, and 
when K > 1, the base is hard. 
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15.2. Acid-base equilibrium 


Equilibrium proton transfer in the general form is the reaction of the following 
type: 


AH+B 5 A-«BH 


The water molecule acts as a base in an aqueous solution, dissociation constant 
Ka = [A ][H;0°/[HA]. 


The dissociation of acids to anions in aqueous solutions is due to a high energy 
of ion hydration. In a vacuum water dissociation to H* and OH requires an energy 
of 1630 kJ/mol, whereas in the liquid phase the dissociation of water occurs with an 
expense of 60 kJ/mol only. When the hydration of protons is presented as a stepwise 
process, the change in the enthalpy by steps is the following: 


H' + H,O ^ H,0"," AH = -710 kJ/mol 
H3O' + HO ^ HO, AH = -134 kJ/mol 
HO; + HO PHO, AH = -96 kJ/mol 
HOF + HO PHQ, AH = -72 kJ/mol 
HO + HO >H O, AH = -79 kJ/mol 


Total energy release due to H* hydration is ~1090 kJ/mol, and 540 kJ/mol is lib- 
erated due to the hydration of the hydroxyl ion. The stable state in an aqueous solu- 
tion is the HLO ion in which the proton is fluctuated between two oxygen atoms of 
two water molecules. 


Strong acids and bases in strongly dilute aqueous solutions are completely disso- 
ciated. The situation is more complicated in concentrated solutions where the solu- 
tion is characterized by acidity h,. It is determined from the degree of protonation of 
the reference base B, which is introduced into the solution in a very low concentra- 


tion 
nak EL o Ye (15.1) 
! [B] Giro Yer 
where a are acitivities, and yare activity coetticients. 
Nitroaniline and its derivatives are used as indicators. Acidity function H, ^ - 
logh, for mixtures of sulfuric acid with water has the following values: 


% H5SO,..... 10 30 50 75 85 95 100 
Hye -0.31 -1.72 -3.38 -6.56 -8.14 -9.85 -12.2 


Such a wide range of changing h, (12 orders of magnitude) can be covered due 
to a high change in pK, of nitroanilines used as indicators, depending on substituents 
in the molecule. For example, for m-nitroaniline pK, — 2.50, for 2,4-dinitroaniline 
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pK, = -4.53, and for 2,4,6-trinitroaniline pK, =-10.10. Acidity function H, was intro- 
duced by Hammett and named after him. In later studies, other classes of base-indi- 
cators were also used for the determination of H, and different acidity values of con- 
centrated solutions of acids were obtained a Il for indicators N,N-dialkylnitroani- 
lines, Hj for alkylated indols, H4 for amides of acids, and Hp for triphenylcarbinols). 


Dissociation of acids and bases is accompanied by a change in thermodynamic 
parameters. For example, the dissociation of acetic acid in H?O at 298 K is charac- 
terized by AH = -0.46, TAS = -27.6, and AG = 27.14 kJ/mol. For an uncharged base 
(for example, H,O) the thermodynamic parameters are determined by the acid struc- 
ture. Below we present these values (T = 298 K) for several acids at equilibrium of 


the type 
RCOOH -CH,COO S RCOO + CH,COOH 


RA Gu (CH; AC H CICH, C6H5; n-CH4NO, 
AGs 1.55 -5.77 -10.78 -3.13 -7.52 
AH...... -2.55 0.29 -4.22 2.21 0.58 
TAS...... -4.10 6.06 6.56 5.35 8.11 
pK,...... 5.03 3.75 2.87 421 3.44 


It is seen that alkyl substituents impede the dissociation of carboxylic acid, and 
the Cl substituent in chloroacetic acid facilitates its dissociation (AG — -11 kJ/mol). 
Evidently, this is the result of charge delocalization on the CICH;COO anion 
decreasing the energy of anion formation. 


Haloid acids strongly differ in degree of dissociation. Using them as an example, 
it is fruitful to analyze factors that influence the enthalpy of dissociation of these 
compounds in a vacuum and in an aqueous solution considering the following cycle: 


HX > H+X > H*X 
i H0 1H;0 
(HX), sS H30 + (X oy, 
Below we present Dyx, Ex (electron affinity of X), enthalpies (in kJ/mol) of dis- 


sociation of HX to ions in the gas (A H7) and water A H6, enthalpies of hydration 
of HX, A Hx and pK, 


HF HCl HBr HI 
Dgx........ 568 430 368 297 
Byes. 334 347 326 297 
AHM 1547 1392 1354 1312 
AHao 0 -50 -50 -46 
AH -50 -17 -21 -25 


TER 3 E -9 -10 
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As can be seen, HF differs substantially in degree of dissociation from other 
haloids. This is mainly due to the fact that Dix for HF is much higher than those for 
other HX and, hence, its ^ Hao is much higher than those for other hydrogen 
halides. 


The degree of dissociation of inorganic oxy acids XO,(OH),, depends, naturally, 
on the nature of X. It depends very strongly on the number of oxygen atoms n and is 
virtually independent of the number of carboxyl groups m. It is seen from the fol- 
lowing comparison (the pK, values in H,O at T = 298 K are given in parentheses): 
CIOH (7.2), CIO(OH) (2.0), ClO,(OH) (-1.0), CIO,(OH) (-10); SO(OH), (1.99), 
SO4(OH); (< 0); SeO(OH), (2.6), SEO; (OH), (< 0); NO(OH) (3.3), NO;4(OH) (-1.4); 
PO(OH); (2.1), HPO(OH), (1.8), H»PO(OH) (2.0); IOH (10.0), IO(OH); (1.6). 


Such a strong effect of the groups (Y=O, where Y is nonmetal) on pK, of acids 
is explained according to the electrostatic model by the fact that the larger the vol- 
ume of the ion, the lower the Gibbs energy of anion formation. The quantum theory 
explains the stabilization of oxygen-containing anions by a decrease in the energy of 
the molecular orbital due to the delocalization of electrons of the anion over several 
bonds. 


Polyatomic acids are characterized by multistep dissociation, e.g. 


Ki; 
HOCOCOOH 5 HOOCCQ + H+, 


Ko, 
HOOCCO, 5 'O.CCOp + H+. 


The second dissociation constant is always lower than the first one: 


Acid..... Oxalic Malonic Succinic Adipic 
pK... 1.23 2.83 4.19 442 
PKg- 4.19 4.69 5.48 5.41 


This distinction is related to the fact that the energy of formation of the bicharged 
anion is higher than that of the monocharged anion due to the energy of mutual repul- 
sion of two negative charges. 


Paraffinic hydrocarbons do not possess acidic properties. These properties are 
manifested by aromatic hydrocarbons. For example, indene reacts as an acid with 
strong bases, its pK, is estimated as 18-23 units. The acidity increases when some 
electron-acceptor group, e.g., is included into the composition of the hydrocarbon 
molecule. For example, for acetone pK, = 20. The inclusion of two carbonyl groups 
into the molecule enhances its acidic properties. For example, for acetylacetone 
CH;COCH,COCH; pK, = 9, and for ketoester CH;COCH,COOC,H; pK, = 10. 
Acidic dissociation is characteristic of nitro compounds (for CH;NO, pK, = 10) and 
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acid nitriles: CH4CN pK, = 25, CH((CN), pK, = 11.2, and CH(CN)s pK, = -5. 


Aromatic compounds in the electron-excited state possess a higher acidity than in 
the ground state. Acidity also depends on the fact whether the excited state is triplet 
or singlet. This is illustrated by the following examples (pKa values are presented): 


5, state S| state T state 
B-Naphthol...................... 9.5 3.1 7.9 
B-Naphthoic acid............ 4.2 6.6 4.1 
8-Naphthylammonium.... 4.1 -2 3.2 


For bases, as for acids, the degree of dissociation and its thermodynamic param- 
eters depend on the structure. 


The dissociation of the ammonium ion (NH, & NH; + H^) in water is character- 
ized by the parameters AG = 52.71, AH = 51.83, and TAS = -0.88 kJ/mol at T = 298 
K. Below we present the thermodynamic parameters for several amines in an aque- 
ous solution at equilibrium of the type (T = 298 K) 


R;NH* *NH, 5 R;N+NH 


R3N.... CH3NH, (CH3),NH (CH3)3N PhNH, o-CIC;H4NH,; cis-C;H,9NH 


AG... 7.82 8.82 3.22 -26.50 -37.70 10.57 
AH... 2.88 2.17 -14.92 -22.10 -22.10 1.67 
TAS".  -493 -10.99 -18.14 4.40 10.95 8.90 
pEy.. 10.62 10.77 9.80 4.60 2.63 11.12 


It can be seen that, depending on the amine structure, AG changes in a wide inter- 
val from +10 to -38 kJ/mol. 


Dissociation of acids and bases depends very strongly on the solvent. The solvent 
SH often acts itself as an acid, and the strength of the dissolved base or acid depends 
on its acid-base properties. Acetonitrile is a weaker acid and base than water, its ion 
product being 3-107. Therefore, in acetonitrile HBr, HCl, and H,SO, dissociate 
incompletely, unlike their dissociation in water. In acetonitrile pK, = 5.5 for HBr, 7.3 
for H,SO,, and 8.9 for HCI. Thus, acetonitrile is a differentiating solvent. Carboxylic 
acids also dissociate in it to a lower extent than in water: the difference between pK, 
of CH4CN and H50 is 14. 


The dielectric constant of the medium has a substantial effect on acid dissociation 
in solvents of the same type. This aspect was studied in detail for substituted benzoic 
acids at equilibrium of the type 


XC4H,COO + CH,COOH & XC,H,COOH + CgH,COO" 


Water and several alcohols served as solvents. In the framework of the electro- 
static model for media with differente, the equilibrium constant is related to the radii 
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of the anions r, and r by the correlation 


nek 1L (15.2) 
2kTel|r, r 
According to this, we observed, in fact, a linear dependence between InK and I/e 
with a positive or negative slope. For m-nitrobenzoic acid, e.g., this dependence has 
the form 





InK = 0.48 + 30.22" (15.3) 


In aprotic solvents with low £ the acid and base form associates by the hydrogen 
bond and ion pairs 


B + HA 5 B--HA 5 BH, A S BH +A 


In these cases, the acid-base equilibrium is characterized by several equilibrium 
constants. 


15.3. Proton transfer rate constants 


Proton transfer reactions occur, as a rule, very promptly. Special methods were 
developed to measure rates of these reactions: methods of temperature jump, pres- 
sure drop, electric field pulse, and dielectric absorption; ultrasonic method; several 
electrochemical methods, and method of absorption line broadening of protons and 
VO in NMR spectra (see Chapter 8). These methods allow the measurement of rate 
constants of bimolecular reactions in the 106-10" V/(mol-s) interval. Results of meas- 
urements by different methods sometimes diverge dramatically. For example, for the 
reaction of HjO' and CH,;COO’ the rate constant values obtained by different elec- 
trochemical methods lie in an interval of (1-9)-10'° /(mol-s) (H20, 298 K). 


The transfer of a proton from an acid to base occurs in a solution by several steps and 
can be presented by the following scheme: 


kı k ky 
HA +B 5 AH..B S A..HB' SA +BH 
ky ka k3 


The experimentally measured rate constants of the forward (kag) and backward 
(kga) reactions have the form 


kas = kykyky/Z, kag = kk ok /E, X = kaka + kaika + kk 


At a very fast proton transfer in the AH...B pair the equilibrium is established 
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between AH...B and A'...HB*, so that [A ...HB'][AH...B] = K; = k/K ;. In addition, 
in many cases, k , ~ k3, Le., particles leave the cage with close diffusion rate con- 
stants. In these cases, kag = 0.5k,K> and kga = 0.5& 4K;.. The collision frequency of 
particles is substantially affected by their electric charges and dielectric constant of 
the solvent (see Chapter 8): unlike charges meet more often and like charges meet 
more rarely than neutral particles (rate constant kp). Proton transfer rate constants in 
water (T = 298 K) for several weak acids measured by electrochemical methods are 
presented below. 


ky 
HA+H,O 5 H,0°+A 
ka 
HA... HCOOH CH;COOH CICH,COOH Picolinic Maleic HBO; 
Bac. 6.10* 5.10? 2-106 1-106 310 110 
ky, W(mol-s). 1-10° 245 1-10" 710? 2.10 240" 


It is seen that ion association occurs with the diffusion rate constant of an order 
of 10'°*! l/(mol-s). The transfer of a proton from an acid to a water molecule requires 
an energy (AG > 0) and occurs, therefore, more rapidly or slowly. The following rule 
can be used for the approximate estimation of the proton transfer rate constant in the 
transition states O...H——O, N...H—O, and N...H—N in aqueous solutions: 


k= 10? 1(mol-s) at pK, > 0, 
k< 10 Wmol-s) at pK, < 0. 


The proton transfer from the ammonium ion to hydroxyl (H5O, 298 K, NMR 
method) occurs very promptly 


lon... NH; CH,NH; (CH,),NH} (CH;)3;NH* 
k, V(mol-s).... 3-107? 4-10? 3.10? 2.10? 


The proton exchange between the ammonium ion and amine occurs somewhat 
more slowly, i.e., the reaction of the type: 


RNH'+RN S R,N+R;NH™ 


LS NH; CH;NH,  (CHj;NH — (CH;);N 
k, l/(mol-s).... 1.2-10° 4-10° 4.10" 3-10 


Exchange reactions in water occur very rapidly (NMR method): 
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Reaction k, V(mol:s) (298 K) E A 

H,0* + HO 1-10! 1 9.10" 
5.10? 20 2-107 
1.410" 10 9.10? 





The last reaction occurs so promptly that the diffusion-express mechanism is pro- 
posed for it where the proton transfer occurs due to the displacement of protons along 
hydrogen bonds 


H,OH'--HOH + HOH--OH  4H;O 


The distance at which a proton is transferred is, on the average, 0.8 nm, which is 
approximately threefold longer than the ion radius. The proton transfer to the nega- 
tively charged anion of the acid occurs, by contrast, much more slowly than the col- 
lision of neutral particles in water. For Example, OH reacts with anions of phos- 
phoric acids with a rate constant of 2- 10? for HPO;, 4.7- 10° for HBO, and 2.1-10° 
V(mols) for HP,O%5. The higher the anion charge, the slower the proton transfer 
because the repulsion potential between OH and the acid anion is higher. 

When the intramolecular hydrogen bond is formed in the acid, this retards the 
proton exchange. For example, the salicylate ion reacts with the hydrogen ion 


co, COOH 
C + H,0° > ET + HO 
LH 
O OH 


with a rate constant of 6.4- 10°, and similar carboxylate ions without a hydrogen bond 
react with k = 3.8-10"° l/(mol.s). 


The transfer of a proton from the C—H acid to the hydroxyl ion occurs slowly, 
although AG < 0, i.e., the process is thermodynamically favorable. Several examples 
(H0, 298 K) are presented below. 


CH3;NO, + OH  CH;NO,* H,O, — k-25 l/(mol.s) 
(CH3)CHNO, + OH  (CHENO, + HO, — & - 0.32 V/(mols) 
CH,NO, + H30+ 2 CHNO, + H50, k = 100 i/(mol-s) 
NO,CH,COOC,H; + OH — NO,CHCOOC,H; + H,O, k= 1.610" (mols 
CH,NO,CO,C,H,; + PhO — HNO,CO,C,H;+ PhOH, k= 3.2:10* V/(mol-s) 
(CH3CO,),CH, + OH —5 (CH;CO); H +H,0, k= 4.0-10* I/(mol-s) 

Evidently, in the case of C—H acids, the proton transfer occurs with an activa- 
tion energy even for the exothermic reaction. 
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15. 4. Quantum-chemical theory of proton transfer 


The quantum-chemical proton transfer theory was developed by R.R. 
Dogonadze, A.M. Kuznetsov, and V.G. Levich in 1967. In the framework of this con- 
cept, the reaction AH + B S5 A’ + BH” is considered as the transition of the system 
from the initial to final potential energy surfaces. Each of these surfaces is a function 
of the coordinate of a proton r (distance A...H), distance R between A and B, and a 
set of coordinates q describing the nonequilibrium solvation of the AH...B pair. The 
transition between terms U; and U; occurs according to the Franck-Condon principle. 
The change in the electron state occurs much more promptly (within 1054195 S) 
than the change in the position of the proton ( 101^ s) and solvent molecules sur- 
rounding the AH...B pair 109749? s). Therefore, the electron density redistribu- 
tion on the reacting particles occurs at almost unchanged coordinates of the nuclei 
and is possible when AU is close to zero. The transition of the system from the ini- 
tial to final states is possible by two basically different routes. 


1. Adiabatically. Due to the vibrational excitation the A—H bond is stretched to 
the critical value r* at which terms U; and U; are overlapped. The process occurs as 
a smooth transition of the system with overcoming of the potential barrier. 


2. Tunneling transition. The A—H bond elongates to the critical r* value, and 
then the tunneling transfer of a proton occurs from level U; to level Uz This transi- 
tion can take place if the vibrational levels of the proton in the initial and final states 
are equalized. This is achieved due to the thermal fluctuation of orientation of sol- 
vent dipoles. In the framework of the model, this looks like a change in the coordi- 
nates of the molecules from the q to q* values. The tunneling proton transfer occurs 
in this state. 


The total probability w of the proton transfer from A to B is described by the 
expression 
o=- [expl -Z |P(w)aw 
kT? p kT (15.4) 


where the function P(W) is the probability of proton tunneling with the energy W, and the 
exponential term reflects the fraction of states of the system, which has the energy W at a spec- 
ified temperature. 


The P(W) function increases with W and is temperature independent. Each sys- 
tem and temperature are characterized by an optimum energy W* at which the pro- 
ton transfer occurs. The following three cases are possible. 1. The optimum energy 
W* is close to the activation energy E, that is, coincides with the height of the acti- 
vation barrier. The reaction occurs adiabatically. The A—H bond is stretched to the 
r* value at which the U; and U; terms are overlapped. 2. The W* value is close to 
zero, and proton tunneling between the ground vibrational levels of the initial and 
final states is most favorable. 3. The optimum energy W* occupies an intermediate 
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position between zero and E. The proton is first excited, i.e., the system transits from 
the zero to excited levels with the W* energy, and then the proton tunnelates. 


Proton tunneling from one potential well into another results in the splitting ofthe 
initial levels into AE}, so that the equality of the U; and U, levels is fulfilled only with 
an accuracy to AE, = U, + AEy. It follows from this that the transition configuration 
of the whole system q*, taking into account the solvation jacket, at which the ener- 
gies of the proton levels are equalized, is retained for a short time interval 4,. This is 
precisely the time during which a proton is transferred, adiabatically or by tunneling. 
The adiabaticity of the process is determined by the parameter W: 


Yp = (AEu 2) ihv AF, (15.5) 


where v, is the thermal rate of motion of molecules, dipoles of the medium; AF; is the rate of 
changing the proton energy during the motion of dipoles of the medium near the transition 
configuration. 


The proton has time to transit from the initial to final states under the condition 
Yp > 1. Electron terms change similarly. The transition between the U; and U; terms 
occurs near r* in the region of values of proton coordinates Ar* where U; = U; + AE,, 


AE, being the splitting of electron levels when the system exists in the state g*. The 
criterion of adiabaticity of electron transfer is determined by the parameter 


Ye = AE; (4h\v JAF) (15.6) 


where v, is the rate of proton motion, and AF, is the rate of changing the electron energy dur- 
ing proton motion near the transition configuration. 


At Ye > 1 an electron has time to change its state during a time sufficient for the 
proton transfer. A. The reaction is adiabatic if y, > 1 and Ye > 1. In this case, trans- 
mission coefficient k = 1. The proton is transferred adiabatically if y, > 1 and y, < 1. 
Transmission coefficient « = y, < 1. Several factors affect the ratio between the adi- 
abatic and tunneling proton transfer. First, temperature. The temperature increase 
increases the fraction of the AH...B pairs, which possess the E energy and, therefore, 
the rate of transformation increases with the potential barrier. At temperatures T > 
Taa the reaction occurs only adiabatically. If the barrier is considered as the intercep- 
tion of two parabolic curves, then 


Taa = (E/R) BLAVy/ 16Ey? (15.7) 
where Yu is the vibration frequency of a proton at the lowest vibrational level of A—H (vy ~ 
10 s). 

Since the probability of proton tunneling is independent of the proton, at suffi- 


ciently low temperatures T < T,,, the transfer of the proton occurs by its tunneling 


Tus = (AW;/8.6ER, (15.8) 


where AW, is the energy of the zero vibrational level of the proton in the transition state 
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(0.5Av,L). 


The transition from the adiabatic to tunneling proton transfer affects the temper- 
ature dependence of the transfer rate constant in such a way that the activation ener- 
gy decreases with decreasing Tand at T< Ty, d Ink/d(1/T) = 0. The distance of pro- 
ton tunneling has a very strong effect on the tunneling rate: the shorter the distance, 
the higher the AE, splitting and, correspondingly, the higher the tunneling probabil- 
ity. The relation between Ar* and AEy is characterized by the following figures: 


Ar*, nm... 0.06 0.05 0.04 0.03 
AEy, kJ/mol..... 8.4.10? 7.4.10? 0.42 16.8 


15.5. Theory of acid-base catalysis 


The protonation of a molecule, its transformation into an ion often makes it labile 
and creates possibilities for transformation into these or other products. Therefore, 
acid catalysis is widely abundant, acids catalyze the very diverse reactions of addi- 
tion, substitution, and elimination. The simplest scheme of the acid-catalytic reaction 
includes two steps 


K k 
B+HA S B--HA — Products + HA 


The complex of reactant B with acid HA can be an ionized form of the molecule 
(BH?) ion pair (BH*, A) or complex with the hydrogen bond (B---HA). Polar mole- 
cules of the solvent participate in the formation of each form. At the first equilibri- 
um step, product B acts as the base, which withdraws a proton from acid HA. The 
second irreversible step limits the process. The base-catalyzed reaction has a similar 
character. In this case, HA is the reactant and base B is the catalyst, which is regen- 
erated in the subsequent stage of conversion. When the concentration of the catalyst 
(acid or base) is varied in wide limits, reactive complexes with different composi- 
tions are formed and the same products are formed via several routes of conversion 
of the initial reactant. Often the acid (base) forms nonreactive complexes with the 
reactant (equilibrium constant K), which affects, of course, the reaction rate. The 
Observed rate constant of the catalytic transformation of B into products is the fol- 
lowing: 


: Dh ank% 
B 1+ Dart Kua HA mYe/ K, Win 


H D UI B D : > J = ct , 
where K; is the constant of equilibrium formation of the i-th reactive complex B.HA, and K} 
is the constant of equilibrium formation of the j-th nonreactive complex. 


k= (15.9) 


Information on the composition of reactive complexes are obtained from experi- 
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mental data on measuring kexp = v/[B] in the solvent with the unchanged composition 
with the variation of the catalyst concentration in wide limits. The simplest depend- 
ence is obtained when B and HA are bound to form one reactive complex. In this 
case, 


Kexp = k aya YeYau K + dp 'fe/ fg. m). (15.10) 


In aqueous solutions of strong acids, this dependence i is usually well fulfilled. At 
K << aya Yang the constant Kap = k, at K >> aya YeYama the constant kexp = KK X 
aya Ys Yg.uA- When the reactant is transformed through its protonated form BH', we 
experimentally observe the dependence of the type K/h, = const, Rexp hoa, o: = con- 
stant or k (ft, d TR — constant. If the first of these plots is edet this implies 
that the protonated form of the reactant BH4O* is transformed. For example, the 
pinacolinic rearrangement in concentrated H;SO,. The second dependence is 
observed, e.g., for the dehydration of 2-phenyl-2-propanol in H5SO,. In this case, the 
water complex with the protonated form of the reactant is reactive. The dependence 
of the third type is observed for oxygen atom exchange in methanol, which occurs in 
sulfuric acid. 


When the B.HA nondissociated complex is transformed, the plots kexp[ HA] = 
const take place. This is observed, e.g., for the dehydration of B-pheny!-B-hydrox- 
ypropionic acid in H,SO,. If the reaction complex has the composition B.HA.H,O, 
the equality Kexp/ ARA d c = const takes place. This dependence is observed, e.g., for 
cis-cinnamic acid in H)SO,. 


For catalysis by weak acids in aqueous solutions, both H3O' ions and nondisso- 
ciated acids manifest activity. In this case, in dilute solutions 


v= (ks [HO] + ka [HAT)[B] (15.11) 


The introduction of a salt into the solution changes the catalytic activity of acids 
and bases. In the case of weak acids and bases, their degree of dissociation changes 
with changing the activity of the H;O* and HO’. 


For acid- and base-catalyzed reactions, in 1924 J.H. Brónsted and Ch.J. Pedersen 
empirically established correlations of the type 


kua = aK? and kg = b(1/K,)° (15.12) 


where ky, and kg are the rate constants of reactions catalyzed by the acid and base, respec- 
tively; Bs the acid dissociation constant of AH and BH , respectively; and a, b, a, and D are 
empirical constants. 


These correlations were the first example of linear correlations of free energies 
(see Chapter 8). They are well fulfilled under the following conditions: (1) a series 


of one-type acids and bases is considered; (2) in this series the reaction mechanism 
remains unchanged; and (3) each reaction is not accompanied by specific catalytic 
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effects. When K, changes in a wide range (by 15225 orders of magnitude), the plot 
logk - logK, now has the nonlinear character, that is, the parameters change: the high- 
er the reactivity, i.e., Kay, the lower a. 


The isotope effect, which appears when AH is replaced by AD and H in the reac- 
tant is replaced by D, plays an important role in studying acid-catalytic reactions. In 
particular, deuterated water dissociates to ions to a less extent than HO: the ratio of 
ion products K9 : KD? = 7.47 and Kj? : KZO = 16.4 (298 K). For oxy acids in H20 
and D;O the K™:K? ratio is 2.5+4.5. The replacement of H by D in acids and bases 
at the bonds, which are not involved in dissociation, results in the secondary isotope 
effect. This effect is usually low, although exclusions are known: 
K(HCO,HyK,(DCO,H) = 1.08, K,(CH;COOH)/K,(CD;COOH) = 1.03, 
K,(CH3NHS)/K,(CD3NH)) = 1.14, and K,(CH3);NH4/K,(CD3);NH’ = 1.61. 


When a standard solvent is replaced by deuterated one, for example, H,O by 
D50, we have the isotope effect by solvent with a complex character. The kinetic iso- 
tope effect is characteristic of proton transfer reactions. It depends on the following 
factors: type of the dissociated bond, change in enthalpy, and character of the ele- 
mentary step of proton transfer (adiabatic or tunneling). For the adiabatic character 
of the reaction, the isotope effect is maximum for the thermally neutral reaction. The 
main contribution to the isotope effect is made by the difference in zero energies AE, 
of stretching vibrations of the A—H and A—D bonds. The ky/kp values are present- 
ed below, the effect is due to AE, only for different types of A—H bonds (T = 298 
K). 


Bond... C—H N—H 0—H S—H 
exp(EJRT)... 6.9 8.5 10.6 6.0 


Evidently, the isotope effect decreases with temperature increase. Another factor 
can also appear with temperature decrease: a noticeable contribution of the tunneling 
mechanism to proton transfer. 


Tunneling electron transfer is characterized by high values of isotope effect 
ky/kp. The isotope effect is maximum at AG = 0. It depends very strongly on the Ar* 
distance at which H and D tunnelate 


kyky = exp(15.3Ar*?)) (15.13) 


and equals 4 at Ar* — 0.03 nm and 250 at Ar* — 0.06 nm. 
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15.6. Reactions catalyzed by acids and bases 


15.6.1. Hydrolysis of esters and esterification 


The reaction of ester hydrolysis and backward reaction of esterification of car- 
boxylic acids are studied in detail. Ester hydrolysis is catalyzed by both hydrogen 
ions and hydroxyl ions, that is, is an example of specific acid-base catalysis. Two dif- 
ferent methods for the cleavage of ester bonds are possible and observed experimen- 
tally: acyl-oxygen and alkyl-oxygen 


R'CO: OR +H: OH and R'COO: R x OH:H 
Ch. Ingold divided all known mechanisms of ester hydrolysis into 6 groups. 


1. Monomolecular acid hydrolysis and esterification of the alkyl-oxygen bond 
cleavage (mechanism Ay 1): 


K 
R'COOR -H,O| 5: R'COOHR' + 2H,0, 


k 
R'COOHR' — R'COOH + R’ (slowly), 


R* + H,O 2 ROH; (rapidly), 


ROH, +H,O 5 ROH+H,0° 


The second step limits the whole process in such a way that the hydrolysis rate 
v-kK[RCOOR][H4O]. The second and third steps, rigidly speaking, are reversible; 
in the presence of alcohol and acid, the esterification process occurs in the backward 
direction. This mechanism is characterized by the following properties: the water 
oxygen goes into the alcohol, which is detected in experiments with water contain- 
ing the 180 isotope; the optically active alcohol residue R under hydrolysis is racem- 
ized; the hydrolysis rate depends on the structure of the alcohol residue; and the steric 
effect is absent. The transfer of the '*O isotope was observed for the acid hydrolysis 
of triphenyl methylbenzoate in aqueous dioxane 


PhCOOCPh, +H, O — PhCOOH + Ph,C'*OH 


Predominantly racemic alcohol is formed by the hydrolysis of optically active 
methylethylisohexyl carbinylacetate in an aqueous solution of dioxane. The optical- 
ly active alcohol itself is very slowly racemized under these conditions (medium, 
acid). Esters of tertiary alcohols, for example, tert-butyl acetate in aqueous solutions, 
are hydrolyzed by the 44; 1 mechanism. This is related to a relative stability of terti- 
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ary carbocations. 


2. Monomolecular acid hydrolysis and esterification with the cleavage of the 
acyl-oxygen bond (A,cl). The mechanism includes the following steps: 


R'COOR--H,O| 5 R'COOHR' *2H;0 
R'COOHR' — R'CO' + ROH (slowly) 
R'CO'-H;0 — R'COOH, (rapidly), 
R'COOH;-*2H;0 S RCOOH +HO; 


The second step is limiting. This mechanism has the following | characteristic 
properties. When hydrolysis is performed in water in the presence of ! *OH;, oxygen 
transits from water to acid (see steps 3 and 4). Unlike the 44c2 mechanism (see 
below), ester is not enriched in the 186 isotope differently than through backward 
esterification. The optically active configuration R’ is retained during hydrolysis. The 
steric effect is absent. In particular, methyl trimethylbenzoate is hydrolyzed in sulfu- 
ric acid by this mechanism. The Aaci mechanism is also characterized by higher val- 
ues of activation entropy (A°S > 0) than those for 44c2 (see below). When the con- 
ditions of hydrolysis change, its mechanism can change. 


3. Bimolecular acid hydrolysis and esterification with acyl-oxygen bond cleavage 
(Aqc2). Unlike the 44c1 mechanism, in this case, the ester is cleaved by the attack 
of HO at the protonated form of ester 


R'COOR + H,Of S R'COOHR' + 2H,0 
R'COOHR'*H;O S R’COOHS + ROH (slowly) 
R'COOH;-2H;0 5 R’COOH+HO Gapi 


The second step is limiting. It can be presented as the nucleophilic attack of water 
at the protonated form of ester, namely: 


H " O 

It + Pp ô+ li St. I, 
H,O + C—-O0—R >[ O -C-O/R]—H,0-C +ROH 

i H^ pl | 

R H R H R' 


As for the 44c1 mechanism, in this case, "O trom "OH, is transited into me acid 
but hydrolysis is accompanied by the enrichment of nonhydrolyzed ester in 180 as 
well due to the reversibility of the second step. The hydrolysis rate better correlates 
with HLO% than with h,. The 44c2 mechanism is characterized by lower values of 
activation entropy. The optically active configuration R’ is retained. The steric effect 
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is observed. The steric influence of substituents on hydrolysis by the 44c2 mecha- 
nism is reflected by the parametric equation 


log k = log ko + 8E, (15.14) 
where E, is the steric constant of the substituent in the acid residue. 


Below we present several examples for the reaction of the type (T = 298 K) 


R'COOR * HO S R'COOH + ROH 


R Solvent ó log ko 
CH; H,O 0.63+0.02 -3.16 
H,—CH;0H 0.9440.04 -2.89 

(50%) 
C-H; H,O 1.1240.02 -2.51 
H,—CH30H 1.1740.25 -3.25 

(23%) 
CH;CI HO 1.1140.18 -2.83 
H5—CH40H 0.99+40.25 -2.83 

(3696) 


The 44c2 mechanism is widely abundant, it is characteristic of hydrolysis of pri- 
mary and secondary alcohols of carboxylic acids in dilute solutions of strong acids. 

Since the 44c2 and 44c1 mechanisms are rather close and it is difficult to distin- 
guish one from another, they are often unified. The mechanisms of hydrolysis with 
the acyl—oxygen (rate constant kac) and alkyl—oxygen (kaL) bond cleavage can be 
distinguished by exchange with 1*0 in water enriched in this isotope. In addition, 
hydrolysis occurs slowly in water containing no acid (constant ko). 


Hydrolysis often occurs in parallel via two mechanisms with the rate 
Vv = (kac + kar) [RCOOR][H,O)] + &[R'COOR] 


The catalytic hydrolysis of tert-butyl acetate in water is characterized by the fol- 
lowing parameters: 


ka =2-10exp(-112/RT) = 5.0 - 10° st 
kac = 7.9 - 10’exp(-72/RT) = 2.0 - 10° l/(mol-s) 


kat = 1.3 - 10/6 exp(-115/RT) = 9.6 - 10? V/(mol-s) 
It is seen that hydrolysis with the alkyl-oxygen bond cleavage predominates, 
which is especially characteristic of tertiary alcohols (see above). At the same time, 
hydrolysis with the acyl-oxygen bond cleavage occurs to a great extent, probably, by 
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the Aac2 mechanism. 


4. Bimolecular base hydrolysis with acyl-oxygen bond cleavage (Bac2). The 
hydroxyl ion attacks the carboxyl group resulting in nucleophilic substitution 


Oo o 
HO + Nc—or ~ HOC, *RO 
R' R' 


The first step limits the process. It is reversible, in principle, but due to the fast 
reaction of the acid with base the equilibrium is shifted to the right, so that hydroly- 
sis proceeds irreversibly. The cleavage of the acyl—oxygen bond was proved by dif- 
ferent methods. The alkaline hydrolysis of neopentyl acetate affords neopentyl alco- 
hol, that is, the alcohol residue is not isomerized. Therefore, R^ is not eliminated 
because, in this case, neopentyl alcohol would isomerize to tert-amyl alcohol. 
Alcohol residues are not either isomerized during the alkaline hydrolysis of crotyl (R 
= —CH,CH=CHCH;) and 1-methylallyl (R = CH;—CH = CHCH;) acetates, which 
also indicates acyl—oxygen bond cleavage. This is also evidenced by experiments 
on the alkaline hydrolysis of esters in water enriched in the '%0 isotope in which the 

180 oxygen is transformed into acid rather than alcohol. Substituents in the acid 
residue have a strong inductive (reflected by the r* coefficient) and steric (Ó* coef- 
ficient) effects on the reaction. Below we present the parameters of the correlation 
biparametric Taft equation (T = 298 K) 


log k = logk, + p*o* + SEs (15.15) 

R Solvent p* ó log ko 
CH, H,O 2.45+0.05  0.80+0.05 1.58 
CH; H,O 2.3240.00 — 0.7940.02 1.41 

H,0—C;H50H (68%) 2.2240.11 1.1240.03 0.37 
CH,CH,CH; H,O 1.0040.05 — 1.5140.05 1.35 
CH;CH-CH, H,O 1.67+0.07  0.42+0.13 0.71 
CH;CI H,O 2.540.23 1.01+40.18 3.61 
(CH,)3Cl H,O 1.66+0.07 0.41+40.12 0.61 
Ph H,O—dioxane (33%) 2.6440.24  0.7940.11 1.14 


5. Monomolecular base hydrolysis with alkyl—oxygen bond cleavage (BaL 1). As 
in the case of acid hydrolysis, hydrolysis with the alkyl—oxygen bond cleavage is 
also possible. Selecting the corresponding structure of the medium ester, we can per- 
form the following mechanism: 


ROCOR’ > RÝ + R'COO (slowly) 
R' + H,O > ROH; (rapidly) 
ROH; + R'COO' 5: ROH + R'COOH 
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This mechanism is characterized by the following properties. Oxygen (*o iso- 
tope) transits from water into alcohol. If the alcohol residue in ester is optically active 
(the carbon atom bound to oxygen is asymmetric), hydrolysis is accompanied by 
alcohol racemization. If the R radical is the substituted ally! group, hydrolysis is 
accompanied by alcohol isomerization. Hydrolysis is accelerated by electropositive 
(for example, CH3O) groups in the alcohol residue and electronegative groups (for 
example, NO,) in the acid residue. The steric effect is absent because the monornol- 
ecular process limits the reaction. An increase in the solvent polarity favors the reac- 
tion. The hydrolysis and alcoholysis of esters of triphenylmethyl alcohol, tert-butyl 
alcohol, and allyl alcohols proceed via the B4; 1 mechanism. 


6. Bimolecular base hydrolysis with alkyl-oxygen bond cleavage (B4; 2). This 
mechanism is observed in rare cases and includes the attack of the water molecule at 
the carbon atom of the alcohol residue as the limiting step 


H20 + ROCOR’ 5 ROH; + R'COO 
R'COO' + ROH, — R’COOH + ROH (rapidly). 


Specific features of the mechanism: the reaction occurs in the absence of acid; its 
rate is independent of pH in some interval of its change. Oxygen from water transits 
to alcohols (experiments in water enriched in O). If the a-C atom of the alcohol 
residue is asymmetric, the inversion of the optical activity occurs during hydrolysis. 
Steric effect also influences the reaction rate. This mechanism was established for 
lactone hydrolysis: b-propiolactone, B-butyrolactone, and lactone of malic acid. 


Comparison of the rate constants of acid k4 and base kg hydrolyses shows that 
ka<< kg. This is the result of the difference in activation energies: the activation ener- 
gy of hydrolysis by the OH ion is much lower than that by the hydrogen ion. For the 
hydrolysis of acetates of aliphatic alcohols, this difference E4 - Eg = 24 kJ/mol. 
Close values of the E, - Eg difference are obtained for the hydrolysis of amides of 
aliphatic acids (E; - Eg = 26 kJ/mol) and acetone enolization (E4 - Eg = 30 kJ/mol). 


15.6.2. Hydrolysis of amides of acids 


Hydrolysis occurs under the acid action according to the bimolecular law with the 
rate v — kA[A iae lTH3O ]. The following mechanism (44c2) is assumed: 


R’CONH, +HO S5 R'CONH,-*2H;O 
H,O -R'CONH, — NH; +R’COOH, 
R'COOH;-H;0 5 R’COOH+H;0° 


Hydrolysis is limited by the second step, which can be considered as the nucle- 
ophilic attack of water at the acyl C atom. The acid hydrolysis rate depends on the 
inductive and steric effects of substituents in the acid residue. The following corre- 
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lation is fulfilled for the hydrolysis of RCONH) in H50 at 338 K: 
lg k [V/(mol-s)] = -4.22 - 3.406* + 1.10 E, 

for the hydrolysis of compounds of the type RCONEH (H,O, 303 K): 
lg k [l/(mol-s)] = -4.00 - 7.696* + 1.25 E, 

and for CH;CONHR (H,O, 338 K): 
lg k [l/(mol:s)] = -3.37 - 2.360* + 0.41 E, 


The hydrolysis of amides substituted by tert-alkyl occurs under the action of sul- 
furic acid with the abstraction of the tert-alkyl group and formation of nonsubstitut- 
ed amide and tertiary alcohol. N-tert-butylamides of formic and acetic acids are 
hydrolyzed in such a way. 


The hydrolysis of amides of acids under the action of an alkali occurs via the 
B4c2 mechanism. The following mechanism is proposed: 


OH -R'CONH, — R’COOH + NH, (slowly) 
NH,-R'COOH — R'COO -* NH, (rapidly) 


It cannot be ruled out that the first step proceeds through the R'C(O)(OH)NH; 
intermediate, which then is rapidly decomposed to acid and NH. The reversible for- 
mation of this intermediate is favored by the fact of the partial enrichment of amide 
in the "O isotope when hydrolysis is carried out in water containing this isotope. The 
correlation equations for the alkaline hydrolysis of amides are presented below 


RCONH, (338 K, H5O) ig k= -2.99 - 2.480* + 1.30 E, 
4-X-C9H4CONH, (353 K, H50 - C,H;OH, 32 %) Ig k = -4.16 + 1.166 
4-X-CgH4CO-cyclo-NC3HN (303 K, H,O) lg k= -2.25 - 1.306 + 0.32 oR 

As in the case of ester hydrolysis, the alkaline hydrolysis of amides occurs more 
rapidly than acid hydrolysis. For example, the ratio kp/ky, = 17 for CH;CONHj in 


H,0 at 338 K. The p* coefficient is higher in absolute value for acid hydrolysis than 
that for alkaline hydrolysis. 


15.6.3. Keto-enol tautomerism 
This tautomerism is a particular case of prototropic tautomerism of the type 
H—X—Y-Z S X-Y—Z—H 


which is catalyzed by acids and bases. The enolic form is at equilibrium with the 
ketonic form if the equilibrium is rapidly established. The stability of the enolic form 
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depends on the structure of the molecule. Below we present (in 96) the equilibrium 
concentrations of the enolic forms in the liquid phase at 298 K for several com- 
pounds. 


CH4COCH; cyclo- C6H0 ree PhCOCH;CO;C;Hs 
3.5 x 10* 0.20 21 
CH;COCH(C,H;)COCH, | CH,COCH(COOC;H,, | CH,;COCH,CH; 
28 69 80 


Ketone enolization is catalyzed by both acids and bases 


OH OH 
No df M di Lese Nr ad 
CH—C— +HAS CH—C— +A S C-7C— +AH 
7 7 ^A 
N I N n N on 

it + 
CH—-C— +BS C—-C— +BH 5 C—C— +B 
/ / S 


and is an example of general acid catalysis. Various kinetic variants are also possi- 
ble, which can sufficiently be considered using acid catalysis as an example. 


1. The first equilibrium is very promptly established (kj << k and ky << k. 1) and 
the process is limited by the second step. In this case, [ >CHCROH* J= 
K,[HA][ >CHCRO] and v = k,K,[Ketone][HA]. If the solution contains other bases 
along with ketone, acid dissociation and the participation of several proton-donor 
species in the reaction should be taken into account (see below). The reaction rate 
v =k, [Ketone] K,[A,H]. 


2. The formed protonated ketone form undergoes fast transformation (kj << k. 
and kz >> k ;). Then the process is limited by the first step and v = k; [Ketone][HA]. 
Both cases are kinetically indiscernible. 


3. Finally, the third case where the rates of steps k and k., are commensurable 
results in the expression 


v = kk. + k;) [Ketone]IHA][A T" (15.16) 


4. If step 2 occurs very slowly, and k; and k ; are commensurable, the protonated 
ketone form is present in the solution in noticeable amounts. 


Since keto-enol tautomerism is accelerated by both acids and bases (the case of 
general acid-base catalysis), the reaction rate increases with both pH increase and 
decrease (V-shaped dependence). For example, the rate of acetone enolization in an 
acetate buffer is related to concentrations of the reactants by the following expres- 
sion (H20, 298 K}: 
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v = 510 [H50] + 1.6-10°[H,0°] + 15[0H] + 
+ 5.0-10°°[CH;COOH] + 1.5-10?[CH4COO ] + 
+ 2.0 10°[CH;COOH][CH;COO] (15.17) 


The last term reflects acetone enolization during the concerted attack of the acid 
and base at acetone, which can be presented as concerted proton abstraction and 
addition 


CH4COOH--.O-C(CH;); + 'OOCCH; — CHOG + HOC=CH,(CH;) + HOOCCH; 


In this reaction the acid donates a proton to the carbonyl group of acetone, and 
the acetate ion simultaneously abstracts a proton from the methyl group. 


The high efficiency of this combined attack is related to the existence of bifunc- 
tional catalysts of prototropic enolization. A molecule of these catalysts contains both 
acidic and basic groups. For example, 2-hydroxypyridine is such a catalyst. It cat- 
alyzes glucose mutarotation 7000-fold more efficiently than a mixture of phenol and 
pyridine (298 K, H5O, catalyst concentration 0.001 M). Keto acids, B-diketones, and 
pyrazole have a similar catalytic effect. The transformation scheme is the following: 


N 
HO O 
? EN No H B 
H + d Ka C ON S 
*'o—H N ZZ pd S H 7 


The efficiency of catalysts of this type is due to the cyclic transition state in which 
the concerted transfer of two protons occurs. Enzymes accelerating polypeptide 
hydrolysis function according to this principle. 
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Chapter 16 


Redox catalysis 


Transition metal ions react with other ions and radicals in electron transfer reac- 
tions. Such reactions often occur very rapidly. Redox catalysis is based on this capa- 
bility of some metal ions of serving efficient mediators in electron transfer reactions. 
This type of catalysis has a wide propagation for ionic redox reactions. For example, 
Fe?” ions very slowly oxidize V?* ions. The introduction of copper ions accelerates 
this process because the faster sequence of reactions is observed in their presence: 


Cu + V = cw + v 
2 
Cu' + Fe — Cu” + Fe” 


Silver ions catalyze the reaction of Ce^* ions with TI’: 


Ce“ + Ag* — Ce" + Ag” 
Ag” + TI' 2 Ag’ + T* 
TI” + Ce > TP* + ce 


Since a free radical is always formed in the reaction of an ion with a molecule dur- 
ing electron transfer, these redox systems are generators of free radicals. They are 
used for the initiation of reactions of radical polymerization, oxidation, and chlorina- 
tion. For example, manganese ions initiate the chain oxidation of oxalate ions with 
chlorine in an aqueous solution. The process includes the following steps: 


Mn” +C,07 =æ MnC,0; 
MnC,0; > Mn’*+CO,+CO, 
CO; «Cl, => CI +CO,C} Cl+Mn’ * Cl” +Mn’ 
Ci+Cl->CLŁ, CI «CO, CT «CO. 


Active intermediate products often appear in the redox reaction, and autocatalysis 
is observed. The oscillating regime of the process is often observed in these systems. 
Redox reactions play a very important role in living organisms where they form a 
basis for enzymatic processes of respiration, nitrogen fixation, and removal of prod- 
ucts harmful for the organism. 
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16.1. Catalysis of hydrogen peroxide decomposition by iron 
ions 


Catalysis of H20, decomposition by iron ions occupies a special place in redox 
catalysis. This was precisely the reaction for which the concept of redox cyclic reac- 
tions as a foundation of this type of catalysis was formulated. The detailed study of 
steps of this process gave several valuable data on the mechanism of redox catalysis. 
The catalytic decomposition of H,O, is an important reaction in the system of 
processes that occur in the organism. 


The catalytic decomposition of H,O, in the presence of the Fe^* and Fe” ions 
includes the following steps (H,O, T = 298 K, acidic medium): 
Fe" + H,O, > Fe HO ~+ HO 
k= 1.4:10’exp(-30.5/RT) = 50 l/(mol s) 
HO + Fe* — HO^ +Fe**, k =310* l/(mol s) 


HO+H,0, >H,O+HO, k =4510 (mols) 
HO, + F* 2 H'+0,+Fe*, k 23310? mols) 
HO, + Fe” — HO; * Fe? k =7210° (mols) 


The first step, being the slowest, limits the process and, hence, the rate of H,O, 
decomposition is v = k[H5O;][Fe"*], and k depends on the pH of the medium. The 
stoichiometric ratio of the consumed HO, and Fe” depends on the ratio of the reac- 
tants 


A{H,0,]/A[Fe*] = 1/2 + (K[H505 [Fe] 


The transfer of an electron from Fe” to H,O, is intrasphere, being preceded by 
the incorporation of H5O; into the internal coordination sphere of the Fe; ion 


H,O, + Fe” (HO) — Fe^'(H O (H 9) -H O 
Fe” (H,0,(H,0), — Fe "(OH XH D) ,+ HO 
K = 1.8-10? L/mol, k = 2.810? s'!, and kK = 50 l/(mol s) 


The reaction 1s accelerated with an increase in the pH of the solution. This is 
caused first by the hydrolysis of the Fe(H505)* 


Fe(H,0),(H,0,)* <2 Fe(OH X(H D J(H p) $ H 


and the faster electron transfer in this complex. Two variants are accepted in the lit- 
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erature, namely, one-electron transfer 

Fe” (OH -(H,0, ) 5 Fe "(OH ), + HO 
and two-electron transfer to form the ferry] ion 


(OH )Fe**(H,0) > (OH)FeO? + HO 


Then the ER, ion either reacts with water to form the hydroxyl radical, or oxi- 
dizes another Fe“ ion 


(OH^)Fe* + H,O > Fe**(OH ), 4 HO 
(OH^)Fe?^* + Fe?* —* 2 2Fe? (OH ) 

Thus, two routes of transformation are possible for the Fe^-H50; complex: one- 
electron to form the hydroxyl radical and two-electron to form the ferryl ion. It is dif- 
ficult to prove experimentally the formation of the ferry] i ions because they are very 
active, so that this route of interaction of H,O, with Fe?* remains hypothetical to a 


great extent. Another change in the mechanism of H,O, decomposition with pH 
increasing is related to the acidic dissociation of HO» (pK, = 4.4) 


HO, 2 H* 4 O, 
The O% ion possesses a low electron affinity (42 kJ/mol in a vacuum) and is a 
reducing agent. Therefore, it rapidly reacts, in particular, with Fe** 
O; + Fe 20,4 Fe” 


The oxidation of organic compounds by the Fenton reagent is associated, as it is 
clear now, with the generation of hydroxyl radicals. For example, the oxidation of 
tartaric acid includes the following reactions as key steps: 

Fe** + H,O, + FeOH ^ HO 
HO + HOOCCH(OH)CH(OH)COOH —> 
— HOOCC(OH)CH(OH)COOH + H, O, 
HOOCC(OH)CH(OH)COOH + Fe” > 
— HOOCC(O)CH(OH)COOH + Fe + H* 


which in combination form a cycle. Other organic compounds are oxidized similar- 
ly. 
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16.2. Catalysis of hydrocarbon oxidation with dioxygen by tran- 


sition metals 


Salts of variable-valence metals are widely used in technological processes for 
the preparation of various oxygen-containing compounds from hydrocarbon raw 
materials. The principal mechanism of acceleration of RH oxidation by dioxygen in 
the presence of salts of heavy metals was discovered by C. E. H. Bawn for ben- 
zaldehyde oxidation (1951). Benzaldehyde was oxidized with dioxygen in a solution 
of acetic acid, cobalt acetate being the catalyst. The oxidation rate was v ~ 
[PhCHOJ^ [Co]? [O;f. The rate of radical generation was measured by the 
inhibitor method and turned out to be v; = [PhCHO][Co"], k; = 3-10 "exp(-61.9/RT) 
l/(mol s). The reaction rate of Co” with benzaldehyde was measured in independent 
experiments (from the consumption of Co” in the absence of oxygen): the rate con- 
stant of this bimolecular reaction coincided with k;. Thus, in this process the limiting 
step of initiation is the reduction of Co” with aldehydes, and the complete cycle of 
initiation reactions includes the reactions 


RCHO+Co* — RCO+H* +Co”* 
RCOOOH + Co”* — RCOO +Co** - HO 


and the formation of perbenzoic acid occurs due to the chain reaction including the 
steps 


RCO+0, — RCOOO 
RCOOO + RCHO — RCOOOH +RCO 
2RCOOO — RCOOOCOR +0, 


Catalysis is caused by the fact that the radicals are generated by the oxidized form 
of the catalyst in the reaction with aldehydes, and the reduced form of the catalyst is 
rapidly oxidized by perbenzoic acid formed in the chain reaction. 


Alkylaromatic hydrocarbons, such as tetralin, ethylbenzene, and cumene, are oxi- 
dized in a solution of acetic acid in the presence of cobalt acetate via somewhat dif- 
ferent mechanism. In these systems, after some rather short acceleration period, a 
constant oxidation rate v ~ [RH]? is established: it is independent of either the cat- 
alytic concentration, or the partial oxygen pressure. The stationary concentration of 
hydroperoxide [ROOH], ~ ([RHV[Co?*]) corresponds to the constant oxidation 
rate. In a nitrogen atmosphere the hydroperoxide decomposes with the rate v — 
K[ROOH][Co( Ac) ^. These results agree with the following scheme of chain oxida- 
tion: 


R40, RO, RÒ,+ RH—: ROOH+ R 
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2RÒ, —— ROOR +0, ROOH +Co* z Co'*-ROOH 


Co^ -ROOH + Co?*—*—» RO + Co ** OH Co ? 
ROOH +Co* — RO, 4 Co?* +H* 


RÒ+RH — ROH+R 


The reaction of Co^* with ROOH limits initiation. In the quasi-stationary regime, 
the rate constants of formation and decomposition of hydroperoxide are equal 
k,[RH][RO,'] = K[ROOH][Co" T 
[RO;] = &K[ROOH[[Co" T2, 
so that [ROOH], = A/[RH]'2EA,K[Co^'], and the oxidation rate is v, = 
(k,[RH])/2k,. 


The dependence of the oxidation rate v on catalyst concentration looks somewhat 
paradoxical: the reaction is catalyzed by the cobalt ions but v is independent of their 
concentration. This is due to the fact that initiation occurs by the reaction of 
hydroperoxide with the catalyst but the process is limited in the quasi-stationary 
regime by the rate of chain oxidation of the hydrocarbon. In essence, the catalyst 
transforms the chain process into non-chain due to the high initiation rate. 


As in the case with hydrogen peroxide, radical generation by the reaction of metal 
ions with hydroperoxide consists of several steps. In an aqueous solution, as in the 
case of H5O,, first ROOH is substituted in the internal coordination sphere of the ion 
followed by the transfer of an electron from the ion to ROOH accompanied by the 
subsequent cleavage to RO: and -OH, for example, 


ROOH + Fe(H,0);* <== (ROOH)Fe(H O)?* +H O 
(ROOHJ)Fe(H,O)* —— RÒ + (HO)Fe(H O) i* 
(HO)Fe(H,O);* + H,O z2 HO + Fe(H O);* 
The total constant kexp = KK weakly depends on the hydrocarbon residue, which 
is seen from the following data (T = 298 K): 
(CH;);COOH + Fe”, 
kexp = 2.04-10 exp(-41/RT) = 12.9 Amol s), 
PhC(CH;),00H + Fe” 
kexp = 3.55-10°exp(-38/RT) = 16.6 l/(mol s), 
PhC(CH4,00H + Fe(P,0,)~ 
kexp = 3.80: 10 exp(-35.5/RT) = 59 1/(mol s), 
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cyclo-CgH; (Ph)OOH + Fe?* 
koxp 7 2.4:10°exp(44.4/RT) = 52.5 V(mol s) 


Howevet, the ligand environment substantially reflects the & value (cf. the data 
for Fe(P05)- and F e”). In the acetic acid the reaction of cobalt ions with ROOH 
proceeds via two channels: through the mono- and binuclear cobalt complexes 


ROOH + Co” = (ROOH)Co?* —RO +HOCo ?* 
Co** + (ROOH)Co?' z2 Co? (ROOH)Co ?:——5RO +(HO)Co **+Co 


Due to this, v; — (ka[Co"] + ka[Co"? J[ROOH], at 333 K in CH;COOH for 
(CH;);COOH kj = 2.2- 10? l/(mol s) and kp = 0.621 Amol” s). Similarly, in the case 
of the Co" complex with ethylenediamine tetraacetate in the mixture CH3COOH : 
H0 = 1: 1 at 308 K k; = 7.210? l/(mol s) and kj  6.1-10? 1 ?/(mol? s). 


In the case of cobalt ions, the inverse reaction of Co" reduction with hydroper- 
oxide occurs also rather rapidly. In aqueous acidic solutions k; = 1.3510? (mol s) 
(293 K). The efficiency of redox catalysis is especially pronounced if we compare 
the rates of thermal homolysis of hydroperoxide with the rates of its decomposition 
in the presence of ions, for example, cobalt. tert-Butyl hydro peroxide decomposes i in 
a chlorobenzene solution with the rate constant ka= 3. 6:10! exp(- 138/RT) = 10° s 
oe K): at the concentration [Co? Wi 10^ M ka[Co? “= 22- 40?10* = 2.210% 

; thus, the specific decomposition rates differ by three orders of magnitude, and 
this difference can be increased by increasing the catalyst concentration. The kinetic 
difference between the homolysis of the O—O bond and redox decomposition of 
ROOH is reasoned by the difference in the thermodynamic routes of decomposition 
in these cases. The homolysis of ROOH at the O—O bond requires the energy 
expenditure equal to the strength of this bond (130-150 kJ/mol). 


The redox cycle 
ROOH+M”™ 5 RO«M'* +OH™ 
ROOH+ M"" — RO, +M"*+H* 
H*+OH æ H,O 
requires an energy expenditure (per ROOH molecule) of only AH = 1/2(Dp_o + 


Do... - Duon) = 10 kJ/mol. This results in the great difference in rates of the cat- 
alytic and non-catalytic decompositions of ROOH. 


In real systems (hydrocarbon-O;-catalyst), various oxidation products, such as 
alcohols, aldehydes, ketones, bifunctional compounds, are formed in the course of 
oxidation. Many of them readily react with ion-oxidants in oxidative reactions. 
Therefore, radicals are generated via several routes in the developed oxidative 
process, and the ratio of rates of these processes changes with the development of the 
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process. Reactions of this type are considered in Chapter 10. 


According to the Haber— Weiss scheme, in the framework of which we consid- 
ered the catalytic decomposition of ROOH, all ROOH molecules decompose under 
the action of ions only to free radicals, i.e., one-electron redox decomposition occurs. 
Both rates of catalytic decomposition of ROOH (from the consumption of ROOH) 
and the rate of generation of free radicals (from the consumption of the acceptor of 
free radicals or initiation rate of the chain process of RH oxidation or CH;,-CHX 
polymerization) were measured for a series of systems (ROOH-catalyst-solvent). 
The comparison of these two processes showed that there are many systems, indeed, 
where the rate of ROOH decomposition and radical generation virtually coincide (v; 
= V4). This is observed, for example, in the systems 


(CH3),COOH + CoSt, (in C;Hg at 323 K) v/v, = 10096 
sec-C,9H5,OOH + CoSt, (in n-C,9H;; at 323 K) v/v, = 100% 
(where St is the residue of stearic acid, C,; 9H», is n-decane), 
sec-C,9H5,0OH + Co(Acac), (in n-C49H»5, at 318 K) v/v, = 100% 
PhC(CH3),00H + Co(Acac), (in PhCI at 318 K) v/v, = 82% 


However, there are many systems in which v; << va, for example, 


cyclo-CgH;,OOH + MoO,(Acac), (in cyclo-CgH)2 at 403 K) v/v, = 1+2% 
Ph(CH3)CHOOH + NiSt, (in PhCH,CH; at 293 K) v/v, = 1.2% 
sec-C,9H5, 00H + Ni(Acac); (in PhCI at 363 K) v/v, = 2% 
sec-C,9H5,OOH + CuSt (in n-C,9H; at 353 K) v/v, = 1.6% 
cyclo-CgH,,OOH + Cu(Acac), (in cyclo-CgH 2 at 293) v/v; = 396 
cyclo-CgH,,OOH + VO(Acac), (in cyclo-CgH), at 403 K) v/v, = 496 


The decrease in v; compared to v; can be explained by the cage effect. However, 
the cage effect of a pair of radicals in low-viscosity liquids are characterized by the 
ratios v/v4 = 0.40.8, so that the v/v, ratios lower than 20% do not agree with the 
cage effect (see Chapter 7). In addition, at the cage effect E; + E; = AE; » Ep, and the 
activation energy of diffusion of a particle is 5-10 kJ/mol. In experiment these sys- 
tems (ROOH + metal complex) often exhibit very high AE; of 40-70 kJ/mol. This 
indicates the parallel occurrence of two different reactions: homolytic to form radi- 
cals and heterolytic to form molecular products. Thus, the general scheme of trans- 
formations of hydroperoxide in the coordination sphere of the metal has the form 


MOH'* * RO———- MOH"* * RO: 
M"*-ROOH 


M"* * Molecular products 


The cage effect is a component of this scheme. It takes place of the RO: radical 
rapidly (within the time of the cage existence) reacts with the metal ion in the oxi- 
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dized state. 


The question about the competition of the homolytic and heterolytic catalytic 
decomposition of ROOH is tightly associated with the question about the products of 
this decomposition. This can be exemplified by cyclohexyl hydroperoxide, whose 
decomposition affords cyclohexanol and cyclohexanone. When decomposition is 
catalyzed by cobalt salts, cyclohexanol prevails among the products ([alcohol] : 
[ketone] > 1) because only homolysis of ROOH occurs under the action of the cobalt 
ions to form RO: and RO»: the first of them are mainly transformed into alcohol (in 
the reactions with RH and Co^, and the second radicals are transformed into alco- 
hol and ketone (ratio 1 : 1) due to the disproportionation (see Chapter 11). Heterolytic 
decomposition predominates for catalysis by chromium stearate (see above), and 
ketone prevails among the decomposition products (ratio [ketone] : [alcohol] = 6 in 
cyclohexane at 393 K). These precisely such ions that can exist in more than two dif- 
ferent oxidation states (chromium, vanadium, molybdenum) are prone to the het- 
erolytic decomposition of ROOH, and this seems to be mutually related. 


Peroxyl radicals with a strong oxidative effect along with ROOH are continuous- 
ly generated in oxidized organic compounds. They rapidly react with ion-reducing 
agents 


RO, +Mn* 2 ROO «M'* 


Below we present the rate constants for several systems 


Ion Radical Medium T,K k,l/(mol s) 
Cu* HO, H,O 296 — 4310 
re? HO» H,O, 0.5M HjSO, 296 7.210 
MnO; HO; H50, pH 3 296 — 79.10 


Mn(EDTA)" PhC(CH;),00- CHCOOH 333  L010 
Co(EDTA)"  PhC(CH,,00- CHCOOH 333 3810 
Co(Acac -CH;CH(OO-)Ph PhCl 353 5010 


Under the conditions where the chain oxidation process occurs, this reaction 
results in chain termination. In the presence of ROOH with which the ions react to 
form radicals, this reaction is disguised. However, in the systems where hydroperox- 
ide is absent and the initiating function of the catalyst is not manifested, the latter has 
the retarding effect on the process. It was often observed that the introduction of 
cobalt, manganese, or copper salts into the initial hydrocarbon did not accelerate the 
process but vice versa results in the induction period and elongates it. The induction 
period is caused by chain termination in the reaction of RO; with Mn" , and cessa- 
tion of retardation is due to the formation of ROOH, which interacts with the cata- 
lyst and thus transforms it from the inhibitor into the component of the initiating sys- 
tem. Some peroxyl radicals (HO,-, >C(OH)OO-, »C(NHR)OO?) can either oxidize or 
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reduce, for example, 


Cu* + HO, > Ci ++ HO, 
Cu* + HO, 2 Cu*+ O,+ H' 


In systems where such radicals appear (alcohols, amines, some unsaturated com- 
pounds), variable-valence metal ions manifests themselves as catalysts for chain ter- 
mination (see Chapter 11). The reaction of the ions with peroxyl radicals appears also 
in the composition of the oxidation products, especially at the early stages of oxida- 
tion. For example, the only primary oxidation product of cyclohexane autooxidation 
is hydroperoxide: the other products, in particular, alcohol and ketone, appear later 
as the decomposition products of hydroperoxide. In the presence of stearates of such 
metals as cobalt, iron, and manganese, all three products (ROOH, ROH, and ketone) 
appear immediately with the beginning of oxidation and in the initial period (when 
ROOH decomposition is insignificant), they are formed in parallel with a constant 
rate. The ratio of rates of their formation is determined by the catalyst. The reason 
for this behavior is evidently related to the fast reaction of RO; with the catalyst. 
Thus, the reaction of peroxyl radicals with variable-valence ions manifests itself in 
the kinetics as well (the induction period appears under certain conditions), and alco- 
hol and ketone are formed in parallel with ROOH from RO, among the oxidation 
products. 


The variety of functions of the catalyst is pronounced, in particular, in the tech- 
nological catalytic oxidation of n-paraffins to aliphatic acids. This technology con- 
sists of several stages among which the central place is occupied by oxidation. It is 
conducted at 380-420 K in a series of reactors, the catalyst being a mixture of salts 
of aliphatic acids of K* and Mn^* or Na* and Mn”. The alkaline metal salt stabilizes 
(makes it more soluble and stable) the manganese salt. 


Many-year studies revealed the many-sided role of the catalyst (manganese ions). 
First, they (Mn?* and Mn? 7) react with hydroperoxide that formed and decompose it 
to generate radicals and thus initiate the chain oxidation process. Second, isomeriza- 
tion of RO; of the following type vigorously occurs in oxidized paraffin (without a 
catalyst): 


—CH;CH(O0O)H;CH;CH;— — —-CH,CH(OOH)CH,CHCH,— 


due to which polyfunctional compounds are formed and, finally, acids containing 
functional groups (oxy acids, keto acids, etc.), and this is very unfavorable for obtain- 
ing the target product (aliphatic acids). In the presence of the catalysts the reaction 
of Mn’* with the peroxyl radical successfully competes with the former reaction 


RO, + Mn” —> ROO” +Mn** 


due to which the fraction of bifunctional compounds decreases and the yield of 
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aliphatic acids increases. Third, the Mn?” ions formed in the reactions of Mn^* with 
ROOH and RO» successfully react rather rapidly and oxidize carbonyl compounds 


RCOOH 


-CH,C(O)CH,CH , -==> -CH (OH) =CHCH „> 
-CH,C(OH) -CHCH; +Mn?* > 
— Mn” - -CH,C(O)CHCH; +H t 
-CH,C(O)CHCH , -+0 , > -CH ((0)(00 )CHCH ,- 


Two carboxylic acids are the final product of this ketone oxidation. As a result, 
the content of ketones in the system decreases, and the yield of aliphatic acids 
increases. Fourth, the accumulation of alcohols in the systems sharply retards the 
developed process, that is, results in the so-called limiting depth of oxidation. The 
hydroxyperoxyl radical is formed by the attack of RO; at the alcohol group 


> CHOH —59:—, > COH —2: > C(OH)OO 


The Mn?* and Mn?" ions react with these radicals to result in catalytic chain ter- 
mination. As alcohol is accumulated, the fraction of hydroperoxyl radicals increases 
among all peroxyl radicals, and in parallel the rate of chain termination in the reac- 
tion of the ions with these radicals increases. The chain process ceases when the ter- 
mination rate becomes higher than the rate of radical generation involving man- 
ganese ions. Thus, there are some limits of effecting on the oxidation process (depth, 
rate) for variable-valence metals used as catalysts. 


16.3. Cobalt-bromide catalysis 


A cobalt-bromide catalyst is a mixture of cobalt and bromide salts in the pres- 
ence of which hydrocarbons are oxidized with oxygen. Acetic acid or a mixture of 
carboxylic acids serves as solvents. The catalyst is used in the technology of pro- 
duction of arylcarboxylic acids by the oxidation of methylaromatic hydrocarbons 
(toluene, p-xylene, polymethylbenzenes). The catalyst was discovered as early in the 
1950s, and the mechanism of catalysis was studied by many researchers. The exper- 
imentally developed scheme of the catalyst effect was proposed by I. V. Zakharov. 


We showed in the previous section that hydrocarbon oxidation catalyzed by 
cobalt salts occurs under the quasi-stationary conditions with the rate Vmax = 
2(k, [RH]? /k,, which is independent of the catalyst. This limit with respect to the rate 
is caused by the fact that at the fast catalytic decomposition of the ROH that formed 
the process is limited by the reaction of RO, with RH. The introduction of the bro- 
mide ions into the system makes it possible to surmount this limit because creates a 
new route of hydrocarbon oxidation. In the reactions with ROOH and RO» the Co?* 
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ions are oxidized into Co" , Which in the reaction with ROOH are reduced to Co” 
and do not participate in initiation 


AcOH + Co” + RO; S ROOH + Co” + AcO 


However, in the presence of the Br ions, the Co?* ions are reduced to Co”, and 
the Br atoms that formed participate, which is very important in chain propagation 


Co* + Br z2 CoBr?* 2 Co^ « Br 
Br- RH HBr +R 
These reactions result in an additional route of chain propagation, which allows 
one to exceed the rate limit, which is due to the mechanism of action of only vari- 
able-valence ions. In fact, the initial rate of RH transformation in the presence of the 
cobalt-bromide catalyst is determined by the rate of two reactions, namely, of RO;: 
with RH (k,) and of RO; with Co” (kp), followed by the reactions of Co" with Br 
and of Br with RH. The general scheme includes the following steps (written in the 
simplified form): 
R40, > RO,, RO,+ RH ROOH+ R (k, ) 
RO, + Co” —^ > ROOH+ Co**+ AcO ^ (k', ) 
ROOH + Co% — RO+ Co**+ OH ^ 
RÓ-«RH  ROH-« R, Co" + Br — Co**+ Br 
Br- RH HBr+R, RO, + RÒ, > ROH+ O4 R'= O (k) 


Two reactions indicated above limit this process under the conditions of fast 
ROOH decomposition, so that the oxidation rate of RH is 


v = 2(&, [RH] + &,[Co^*]"/&, 


The expression is valid for oxidation with excess of bromide ions over cobalt ions 
(the conditions of fast oxidation of Co^. The experimental data agree with this 
dependence. Below we present the &,, k’,, and E, values for three hydrocarbons (343 
K, acetic acid) 


RH kp, V(mol s) K’ p, (mol s) E^, kJ/mol 
Toluene 1.6 6.1-10? 42 
p-Xylene 4.5 7240? 4l 
Ethylbenzene 54 1.910 31 


It is seen that k’, >> k,, and the dependence of the reaction rate on the catalyst 
concentration makes it possible to increase it by increasing the catalyst concentra- 
tion. Still higher oxidation rates are achieved when hydrocarbons are oxidized in the 
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presence of the catalytic system including the Co, Mn, and Br-ions. The Mn-Br bina- 
ry system is less efficient than the cobalt-bromide catalyst. Synergism of the mutual 
catalytic effect of the Co and Mn ions is due to the fact that the Co” ions rapidly 
decompose hydroperoxide, and bivalent manganese ions very rapidly react with 
RO;;, so that in the presence of Mn” the chain is more efficiently propagated in the 
reactions 


RO, * Mn* 2 RO;4 Mn** 
Mn* + Br 3 Mn?*+ Br 
Br- RH HBr+R 


The peroxyl radical of ethylbenzene reacts with Mn” in acetic acid with the rate 
constant k = 9.7:10° l/(mol s) (347 K), which is by approximately two orders of mag- 
nitude higher than that with the Co” ions. 


As alkylaromatic hydrocarbon (toluene, p-xylene, etc.) is oxidized, aldehydes 
appear; radicals and peracids formed from them play an important role. First, alde- 
hydes react rather rapidly with the Co?* and Mn” ions, which intensifies oxidation. 
Second, acylperoxy! radicals appeared from aldehydes are very active and rapidly 
react with the initial hydrocarbon. Third, aldehydes forms with primary hydroperox- 
ide an adduct, which decomposes to form aldehyde and acid 


ArCH;OOH + ArCHO $ ArCH,OOCH(OH)Ar 
ArCH,OOCH(OH)Ar — ArCHO + ArCOOH + H, 


This creates a possibility of transforming ROOH into aldehydes omitting the stage of 
alcohol. 


Generalizing the known data and established experimental peculiarities of action 
of the cobalt-bromide catalyst, we have to emphasize its following advantages. This 
catalyst makes it possible to increase the oxidation rate of alkylaromatic hydrocar- 
bons due to the intense participation of the catalyst itself (Co?*, Co”, Br, and Br) in 
chain propagation. It provides the fast transformation of intermediate products 
(hydroperoxide, aldehydes) into the final product, viz., acid. Finally, it makes it pos- 
sible to oxidize hydrocarbon to a significant depth, and when the RH molecule con- 
tains several methyl groups, the catalyst allows all these groups to be transformed 
into carboxyls. This last specific feature is insufficiently studied so far. Perhaps, it is 
associated with the following specific features of oxidation of alkylaromatic hydro- 
carbons. The thermal decomposition of ROOH affords hydroxyl radicals, which give 
phenols after their addition at the aromatic ring 


ArH + OH > ArHOH —9-59:, ArOH 


In addition, alkylaromatic hydroperoxide ArCH,OOH under the acid action is 
heterolytically transformed into phenol and formaldehyde. Phenols are accumulated 
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and retard the oxidation process at early stages when the amount of methylcarboxylic 
acids (intermediate products) is yet low and they have no time to be oxidized further. 
In the presence of the catalyst during the intense generation of RO»: and Co”, phe- 
nols are rapidly oxidized and do not retard the process, which makes it possible to 
achieve the complete oxidation of all methyl groups in the hydrocarbon molecule to 
carboxyl groups. 


16.4. Catalytic epoxidation of olefins by hydroperoxides 


Olefin epoxidation by alkyl hydroperoxides occupies an important place among 
catalytic oxidation reactions. This process occurs according to the following stoi- 
chiometric equation: 


o 
ROOH * »C-C« — ROH + >C-— C< 


The catalysts of this process are vanadium, molybdenum, tungsten, niobium, 
chromium, and titanium compounds. The yield of oxide calculated per olefin is close 
to 100%, and that per hydroperoxide reaches 85—9594 and depends on the catalyst, 
temperature, and depth of conversion. 


The first observation concerning catalytic olefin epoxidation was made in 1950 
by E. Hawkins. He discovered oxide formation from cyclohexene and octane-1 dur- 
ing the decomposition of cumyl hydroperoxide in the medium of these hydrocarbons 
in the presence of vanadium pentaoxide. In 1963-1965 the Halcon Co. developed and 
patented the process of preparation of propyleneoxide and styrene from propylene 
and ethylbenzene in which the key stage is the catalytic epoxidation of propylene by 
ethylbenzene hydroperoxide. In 1965 N. Indictor and W. Brill published the work in 
which they studied the epoxidation of several olefins by tert-butyl hydroperoxide cat- 
alyzed by acetylacetonates of several metals. They observed the high yield of oxide 
(close to 10096 with respect to hydroperoxide) for catalysis by molybdenum, vana- 
dium, and chromium acetylacetonates. The low yield of oxide (15—28%) was 
observed in the case of catalysis by manganese, cobalt, iron, and copper acetylacet- 
onates. The further studies showed that, indeed, the molybdenum, vanadium, and 
tungsten compounds are most efficient as catalyst for epoxidation. Atoms and ions 
of these metals possess vacant orbitals and easily form complexes due to the inter- 
action with electron pairs of other molecules, in particular, with olefins and 
hydroperoxides. The epoxidation of the double bond by hydroperoxide with these 
catalysts is heterolytic. It is not accompanied by the formation of free radicals (the 
initiating effect of this reaction on oxidation is absent, inhibitors do not influence on 
catalytic epoxidation). The catalyst forms a complex with hydroperoxide, and this 
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complex epoxidizes olefin. Therefore, the initial epoxidation period is described by 
the seemingly simple kinetic scheme (K is catalyst) 


K + ROOH æ> K . ROOH 


ZN 
K.ROOH * RCH=CHR'———> K + ROH + RCH—CHR' 


The dependence of the epoxidation rate on the concentrations of olefin and 
hydroperoxide is described by the Michaelis—Menten equation 


v = kK,[Olefin][ROOH][K](1 + K,[ROOH])" 


The catalyst is preliminarily oxidized to the state of the highest valence (vanadi- 
um to V™; molybdenum to Mo”). Only the complex of hydroperoxide with the 
metal in the highest-valence state is catalytically active. Alcohol that formed upon 
epoxidation is complexes with the catalyst. As a result, competitive inhibition 
appears, and the effective reaction rate constant, i.e., v/[Olefin][ROOH], decreases in 
the course of the process. Water, which acts by the same mechanism, is still more 
efficient inhibitor. Several hypothetical variants were proposed for the detailed 
mechanism of epoxidation. 


1.The simplest mechanism includes stages of catalyst oxidation to the highest- 
valence state, the formation of a complex with ROOH, and the reaction (bimolecu- 
lar) of this complex with olefin (E. Gould, R. Hiatt, K. Irwin, 1968). 


OH 

V5* + R'CH -CHR" — V4* — HOOR + R'HC-— CHR" 
OH i 

V^*— OR + R'CH— CHR"  R'HC— CHR" + V5*ROH 


The first two stages (oxidation of VY to VY and complex formation) were proved 
but the third stage predicting the heterolysis of the O—O bond with the addition of 
OH+ at the double bond is speculative. Heterolysis of this type is doubtful because 
of the very high energy of the heterolytic cleavage of RO—OH to RO' and OH". 


2. From the energetic point of view, the epoxidation act should occur more easi- 
ly (with a lower activation energy) in the coordination sphere of the metal when the 
cleavage of one bond is simultaneously compensated by the formation of another 
bond. For example, E. Gould proposed (in 1974) for olefin epoxidation on molybde- 
num complexes the following (schematic) mechanism: 
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This scheme differs from the previous one by the fact that the heterolysis of the 
O—O bond occurs in the internal coordination sphere of the complex and is com- 
pensated by the formation of the C—O bond. 


3. The complex in which olefin is bound by the donor-acceptor bond to the oxy- 
gen atom of hydroperoxide and exists in the secondary coordination sphere is also 
considered in the literature (V.N. Sapunov, 1974) 
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—> Mo* * ROH * cx 


4. The proofs were obtained that the Mo-O group as a proton acceptor partici- 
pates in epoxidation. In this connection, the following scheme taking into account 
this circumstance was proposed (R. Sheldon, 1973): 
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The formation of molybdenum complexes with diols (formed by olefin oxidation) 
was proved for the use of the molybdenum catalysts. Therefore, the participation of 


these complexes in the developed epoxidation reaction is assumed (R. Sheldon, 
1973) 
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All schemes presented are similar and conventional to a great extent. It is char- 
acteristic that the epoxidation catalysts also result in the heterolytic decomposition of 
hydroperoxides (see Section 16.2) at which heterolysis of the O—O bond also 
occurs. Thus, there are no serious doubts that it occurs in the internal coordination 
sphere of the metal-catalyst. However, its specific mechanism and the structure of 
unstable catalyst complexes that formed are unclear. The activation energy of epox- 
idation is lower than that of the catalytic decomposition of hydroperoxides; therefore, 
the yield of oxide per consumed hydroperoxide decreases with the temperature 
increase. 


16.5. Oscillating oxidation reactions 


The rate of the chemical process usually changes with time smoothly: decreases 
with the consumption of reactants or increases and passes through a maximum in 
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autocatalytic processes. According to this, the concentration of reaction products 
smoothly changes in time, and the kinetic curves have only one maximum or mini- 
mum if any. However, the systems were discovered in which the concentration of 
intermediate products oscillates, i.e., periodically passes through a maximum and a 
minimum. The amplitude of oscillations of the product concentration can decrease, 
increase, or remain unchanged for a long time. This regime was observed first for the 
decomposition of hydrogen peroxide catalyzed by iodine (V. Bray, 1921). 
Hydrocarbon oxidation in the gas phase is accompanied by the appearance of cold 
flame, which often flashes periodically (D. Townend, 1938, propane oxidation). B.P. 
Belousov was first to observe (1958) in redox systems the oscillation of concentra- 
tions of ion-oxidants (Ce and Ce) for the oxidation of malonic acid catalyzed by 
cerium ions. Later A.M. Zhabotinsky showed (1964) that the oscillation regime is 
retained if malonic acid is replaced by another substrate with the activated CH; group 
and cerium ions are replaced by manganese ions. He proposed the mechanism 
explaining this phenomenon. The more detailed and quantitative substantiated mech- 
anism of this reaction was proposed by R. Noyes, R. Field, and E. Keresh (1972). 


The main processes occurring in this system are the following: bromate oxidizes 
trivalent cerium to tetravalent; Ce^* oxidizes bromomalonic acid, being reduced to 
Ce". The bromide ion, which inhibits the reaction, is isolated from the oxidation 
products of bromomalonic acid. During the reaction the concentration of the Ce 
ions (and Ce?*) oscillates multiply passing through a maximum and a minimum. The 
shape of peaks of concentrations and the frequency depend on the reaction condi- 
tions. The autooscillation character of the kinetics of the cerium ions disappears if 
Ce" or Br are continuously introduced with a low rate into the reaction mixture. The 
autooscillation regime of the reaction takes place only in a certain interval of con- 
centrations of reactants: [Malonic acid] = 0.013+0.5 M; [KBrO;] = 0.013+0.063; 
[Ce] + [Ce] = 10*-10?; [H,SO,] = 0.52.4; [KBr] - traces (2-107). The oscilla- 
tion regime begins after some time period after mixing of reactants; however, if a 
mixture of Ce” and Ce” corresponding to the established regime is introduced, 
autooscillations begin immediately. The period of vibrations ranges from 5 to 500 s 
depending on the conditions. The following data are known concerning the mecha- 
nism of particular stages. 


Hydroxybromomalonic acid (ROH) is brominated by BrOH and Br), and dibro- 
momalonic acid that formed decomposes to form bromide ion, which inhibit the oxi- 
dation of Ce" with bromate. The autooscillation regime is observed in the BrO3- 
cerium ions-reducing agent systems where the reducing agent is oxaloacetic, ace- 
tonedicarboxylic, citric, or malic acids; acetoacetic ester, and acetylacetone (all com- 
pounds contain the B-diketone group and are readily brominated in the enolic form). 


The oscillation regime is observed in the oxidation of iodide ions by BrO; ions. 
The kinetics of this reaction and its mechanism were studied in detail by O. Sitrey 
and I. Epstein (1986). The process was studied in a jet reactor. The oscillating regime 
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is observed when the concentration of iodide ions changes in an interval of 5-107- 
410° M (bromate was introduced in excess with respect to iodide ions). The process 
occurs in two stages. The first stage is completed by the oxidation of T to L; and pro- 
ceeds according to the stoichiometric equation 


6I + 6H* + BrO; = 31, + 3H,O + Br 


with the rate v = 45 [F]ILBrO; ][H ] (T — 298 K). The second stage is described by the 
stoichiometric equation 


I, 32BrO; = Br, +210; 


It proceeds autocatalytically: first I, is transformed into BrI, which then is slow- 
ly transformed into Br; and IO}. In the oscillation regime, the concentration of Br- 
changes from minimum to its maximum by almost 10 times, and the oscillation peri- 
od is about 90 s (T = 298 K, [BrO;] = 5107, [T] = 2.5:10°, [HO] = 1.5 M). The 
process includes the following stages (the rate constant is referred to T = 298 K, 
water is solvent): 


Reaction k 
BrO; +1 +2H,0* > HBrO ,+HOI +2H Q 45 1°/(mol’ s) 
HBrO, + HOI — HIO,  HOBr 10? (mol s) 


I + HOI + HO! > I, +2H,0 
I, + 2H,O 2 TF + HOI + H,0* 
BrO; + HOI+H,0* > HBrO ,+HIO ,+H O 
BrO; + HIO, > IO; + HBrO, 
HOBr + I; — HOI + IBr 
IBr + HOI > I; + HOBr 
IBr + 2H,O > HOI + Br + H,0° 
HOI + Br + H,O° — IBr + 2H,O 
Br + HBrO, > HOBr + BrO” 
HOBr + Br + H,0° > Br, + 2H,O 
Br; + 2H,O — HOBr + Br + H40* 
2H,0° + Br + BrO, —> HBrO, + HOBr + 2H,O 
HBrO,+HOBr + 2H ,O > BrO, «Br. +2H 9* 
Br + HIO, + HO% — HOI + HOBr + H,O 
HOI + HOBr + H,O 5 Br + HIO, + H,0* 
HIO,+HOBr — 10, + Br +2H O* 
BrO, + IBr+2H,O 2 10,+Br°+HOBr+H O 


3.1:10'? ?/(mol’ s) 
2.2:10 P/(mo?? s) 
8-10? (mo? s) 
1.6:10^ (mol s) 
8:10" I/(mol s) 
1-10? 1(mol s) 
30 s' 

1:10 ?/(mol? s) 
2-10* (mol s) 
8:10? ?/(mof? s) 
1.1102 s” 

2.1 P/(mol? s) 
1-10^ 1/(mol s) 
6:107 (mof? s) 
2-105 I/(mol s) 
2.210? (mol s) 
0.8 l/(mol s) 
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The system of differential equations, which describes the process on the basis of 
all stages presented above, agree well with experiment and reproduces the oscillation 
regime of the process (Fig. 16.1). 


One of the simplest schemes, which make it possible to describe the autooscilla- 
tion regime, was considered by Lotka 


A-X—L—52X; X«Y —2Y; Y ——9Z 


The quasi-stationary state, if the system has achieved it, would have the form 


Cxs = kk; and Cys 7 ki Cao/k2 


where c4 = c4, in the course of the whole process. 


To describe the behavior of the system near the quasi-stationary state, the vari- 
ables are introduced 


§ = ex, - Cx and N = cy, - cy 
changes in € and n are described by the equations 


AE/dt = -kj($ - Cxs) = -kynex; 


dn/dt = kM + cys) = kEcys 
whose solution has the form 
cyexp(-A,f) + e;exp(-À5f) 


where A, and A, are the roots of the equation 


A, =k Cy Cy da APL {oe ,0,) "(pA 
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The imaginary roots imply that cx and cy undergo oscillation changes but never 
become equal to cx, and Cys, and at c4 = Ca, they remain unattainable. It can be 
shown that the system in the coordinates cx - cy executes the cyclic motion around 
Zero (zero has the coordinates cx = cx,, Cy = Cys). 


As a rule, the transition from one equilibrium state to another with changing the 
conditions (temperature, concentration) occurs smoothly and via the same route for 
the motion both “from bottom" and “from top." However, in some systems the kinet- 

ic hysteresis is observed, viz., the transi- 

[NO,] tion from one state to another via different 

routes. The example is the photochemical 
dissociation of N;O4 


N50, S 2NO; - 58 kJ/mol. 


Under irradiation with visible light, which 
is absorbed by only NO,, the mixture is 
warmed, and the equilibrium shifts toward 
I NO.. If irradiation is started at the tem- 
Fig. 16.2. Hysteresis phenomenon  Peràture above 240 K, the transition from 
at the photochemical bottom up and back occurs via the same 
dissociation of NJO, (7 curve in the coordinates [NO;] - 7. 
is the light intensity). At a lower initial temperature, the tran- 
sitions “from bottom up" and "from top 
down" occurs via different routes (Fig. 
16.2), that is, hysteresis is observed. This phenomenon is caused by the feedback 
between the degree of dissociation of N;O, and temperature of the gas under its con- 
tinuous irradiation. The higher the concentration of NO», the more intense its absorp- 
tion of the light and the higher the temperature of the gas. At a certain ratio between 
the temperature, rate constants of the direct and inverse reactions, heat capacity, and 
heat removal, the ambiguous transition of the system from one state to another 
appears, i.e., kinetic hysteresis. 
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Chapter 17 


Catalysis by metal complexes 


Catalysis by metal complexes in the liquid phase is presently a very 
important area in chemistry. Intense development of this field is due to several 
evident advantages of such catalysts. They are characterized by high catalytic 
activity, capability of reacting only with specific substrates (specificity) and in a 
specific position (selectivity). 


Presently the number of industrial processes using metal complex catalysts is 
continuously increasing. They include such “classical” large-tonnage processes 
as polymerization on the Ziegler catalysts, olefin oxidation by molecular oxygen 
to aldehydes, hydroformylation of saturated compounds, preparation of acetic 
acid from methanol and carbon monoxide, synthesis of adiponitrile from 
butadiene, and others. 


Metal complex catalysts allowed under mild conditions several reactions, 
which were previously unknown in chemistry, viz., reduction of molecular 
nitrogen to hydrazine and ammonia, alkane activation and oxidation, water 
photodecomposition, etc. 


Finally, due to relative simplicity of kinetic and physicochemical studies in 
the liquid phase and potentialities for wide varying of the structure and 
properties of the catalyst and medium, metal complex systems are convenient 
objects for the solution of basically novel problems of catalysis as a whole. 


In this chapter, we consider the mechanisms of metal complex catalysis. 


17.1. Electronic structure and catalytic properties of metal complexes 


The main features of metal complex catalyst are caused by a set of orbitals (s- 
; p-, d-, and f-orbitals) in a transition metal ion (Fig. 17.1-3). They interact with 
orbitals of ligands and substrates. The catalytic properties of complexes depend 
strongly on the properties of partially occupied d-orbitals of the metal tending to 
binding with neutral molecules, namely, substrates, which can donate electrons 
(CO, olefins, dienes, etc.). The substrate is activated during its coordination. 


Electronic structure and catalytic properties 473 


The formation of the c- and p-bonds with the d-orbitals of the metal ion is 
illustrated in Fig. 17.1 using ethylene molecule coordination as an example. The 
formation of the c-bond results in the shift of the electron density from the 
bonding orbital of the substrate to the metal ion. The inverse process occurs 
simultaneously in the z-system, that is, density on ethylene increases. These 
effects lead to the activation of the molecule and elongate the C—C bond. In the 
general case, due to the opposite direction of electron motion depending on the 
nature of the metal and other ligands, different effects are possible associated 
with an increase (or decrease) in the electrostatic charge on the substrate, change 
in its acid-base and nucleophilic (or electrophilic) properties, and change in the 
polarizability. 





©- component z- component band 
of bond of bond OR TR 


Fig. 17.1. Scheme of overlapping of molecular orbitals of ethylene and d-orbitals of the 
transition metal. 


The main results of catalysis are approximately equal energies of all 
intermediate stages (smooth thermodynamic relief) of the process and low 
activation energies at each stage. 


For this purpose, the catalyst has to possess optimum thermodynamic 
parameters, for example, the redox potential E? corresponding to this process. As 
shown in practice, metal complexes with different structures are characterized by 
a very broad range of E^ values. For example, for dicyclopentadienyl complexes 
of transition metals, depending on the nature of the central atom, the E^ value 
ranges from —3 to +2 eV. The change in the donor-acceptor properties of 
substituents in the cyclopentadiene ring of ferrocene changes E^ by several 
electron volts. 


Donor-acceptor effects in c— and m-coordination systems can favor a 
decrease in the activation energies of particular stages of the catalytic processes 
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(by changing the nature of the central atom, ligands, and properties of the 
medium). 


The ability to be in coordinationally unsaturated states is substantial for the 
catalytic properties of metal complexes. In this case, substrate molecules can be 
arranged sterically close to each other, which substantially increases the 
probability of their direct interaction. 


The capability of changing the coordination number during chemical 
transformation increases the number of possible reaction routes in the 
coordination sphere of the metal complex. 


We would like to mention two parameters among other parameters of metal 
complexes substantial for the catalytic properties. The first parameter is related 
to the steric effects of bulky ligands, which are characterized, in particular, by 
the canonical angle (angle of the cylindrical cone with the vertex remote at a 
certain distance from the coordinated atom of the ligand). The volume and shape 
of the ligand affect the stability of the complex and its ability to perform 
selective reactions. The second property was generalized by K. Tolman as the 
*rule of 18 valent electrons." Electrons donated by the central metal atom and 
two electrons from each ligand are included into the number of valent electrons. 
The relative stability of such diamagnetic complexes provides a higher 
probability of their participation as intermediates in complex catalytic processes. 


17.2. Specific features of electronic structure of transition metal clusters 


Complexes containing several interacting metal atoms are named clusters. 
Metal atoms in clusters bound by chemical forces are localized at rather short 
distances for efficient overlap of their valent orbitals. This overlap results in the 
system of molecular delocalized states (Fig. 17.2). 


The energies of these states are close to the energies of the initial atomic 
states. Their difference does not exceed values of an order of the energy of 
interaction of atoms. Molecular orbitals with different symmetries are formed 
from atomic orbitals of atoms composing the cluster. The levels of each type of 
symmetry are approximately uniformly dispersed over the E energy interval, that 
is, the group of tight levels of the nearest excited states consists of levels with 
different symmetries. 


Small local changes in the electron density result in slight changes in the 
forces acting on the nuclei in the cluster. Therefore, it can be accepted that the 
displacement of equilibrium positions of the nuclei during the redox process is 
small. The small rearrangement of the nuclear system during electron transitions 
favors multielectron transfers involving clusters because synchronization of the 
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motion during transfer is facilitated due to small nuclear displacements in the 
system. 
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Fig. 17.2. Scheme of energy levels (a) in the iron-sulfur tetranuclear cluster and scheme 
of electron population of the highest orbitals (b). When the charge of the cluster changes 
by the addition or elimination of an electron, the cluster system can add or donate one to 
two electrons without a substantial change in energy and configuration. Therefore, it is 
characterized as a system with the great electron capacity (I.B. Bersuker). 


Clusters possess a pronounced capability of multiorbital binding of ligands 
when, e.g., electrons are transferred from the occupied d-orbitals of the metal to 
the antibonding orbitals of the ligand with the simultaneous back transfer from 
the bonding orbitals of the ligand to the unoccupied d-orbitals of the metal. 
Multiorbital binding is illustrated in Fig. 17.3. by the formation of the binuclear 
N complex. 


Multiorbital binding can be characterized in chemical terms as parallel donor- 
acceptor and dative interactions of the metal complex with the substrate. An 
advantage of multiorbital binding over one-orbital binding is the possibility of a 
much stronger change in the electronic structure of the substrate during 
coordination. The matter is that during one-orbital binding the noticeable transfer 
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of the electron density is prevented by the charge resulting in the appearance of 
the electric field directed opposite the transfer. For multiorbital binding, the 
coordination of bonds of the substrate can change more considerably due to the 
effect of charge compensation because of the unlikely directed transfers. 





Fig. 17.3. Scheme of multiorbital overlap of the d-orbitals of metal atoms with the 
orbitals of N, in the binuclear complex. 


In addition, the charging effect in clusters is less significant because of the 
transferred charge distribution over the atoms of the cluster due to the 
delocalization of the d-states of the cluster. The atomic d-orbitals are rather 
strongly localized due to which two electrons on one d-orbital undergo strong 
Coulomb repulsion. The formation of the molecular orbital delocalized over 
many centers from the atomic d-orbitals in the cluster decreases the Coulomb 
repulsion due to an increase in the average distance between electrons. 


As mentioned above, clusters have many closely lying levels of different 
types of symmetry. Therefore, the interaction with other molecules or a change 
in the electronic state of complexes provides a high probability that orbitals with 
the corresponding symmetry would be included in this process. This results in 
the possibility of “avoiding” reaction pathways, which are forbidden in 
symmetry and multiplicity. 


Due to the listed properties, clusters are promising catalysts of redox 
processes. This type of catalysis is very abundant in the nature. 
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17.3. Mechanisms of reactions in the coordination sphere of metal 
complexes 


17.3.1. Electron transfer 


Electron transfer, which can be complete or partial, occurs at the appropriate 
combination of redox potentials of the central atom and ligands. 


The complete electron transfer is usually postulated in reactions of 
photoexcited complexes and complexes in the ground state, which have high 
positive and negative Ej values. The following reactions are presented as an 
example: 


[PP CI2]* + ArH — ArH^ + Pec,” + Cr 
(transfer of an electron from the ligand) 
(F5O);Fe(H;05"* — (H,0);Fe”"(OH)  OH- 
(electron transfer to the ligand) 


Inner-sphere incomplete charge transfer occurs, in particular, in complexes of 
molecular oxygen with the copper dipyridyl complex [dipy;CuO;'] in which the 
oxidation state of copper is intermediate between I and II. 


The interaction of the catalytic center with the substrate can proceed via the 
peripheral mechanism when the stage-to-stage transfer is impeded for 
thermodynamic reasons due to a high barrier at one of the stages, and the one- 
stage two-electron process is more thermodynamically favorable. This process is 
likely exemplified by the oxidation of Fe" to Fe' with hypochlorous acid (Yu.N. 
Kozlov, A.P. Purmal’). 


17.3.2. Complex formation 


Complex formation with the substrate is the key stage of many catalytic 
processes. The formation of the following types of organometallic complexes is 
most typical in catalysis: alkyl t-complexes, carbene complexes, m-complexes of 
substrates with the saturated bond (olefin, acetylene and allyl, complexes with 
carbon oxides), hydrazine complexes, and complexes with molecular oxygen and 
nitrogen. The structure of a ruthenium complex with CO, obtained on the basis 
of an ab initio study is presented in Fig. 17.4. 
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Fig. 17.4. Structure of Rh(AsH3)4(CO;) complex (Sakaki et al., Inorg. Chem. 28,103- 
109,1989). Reproduces with permission. 
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Figure 17.1 illustrates possible variants of the interaction of the orbitals of the 
central atom with the substrate in olefin complexes to form c- and n-bonds. 
Above we present possible methods for complex formation of carbon dioxide, 
carbene, and carbonate. 


The catalytic role of various complexes was considered in sections devoted to 
the corresponding catalytic reactions. 
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17.3.3. Oxidative addition and reductive elimination 


Complexes of several low-valence metals (Fe?, Ru’, Co’, Pt", and others) can 
add X—Y molecules to form two covalent bonds: M + XY e X—M—Y. 
Molecular hydrogen, oxygen, halogen derivatives, arenas, alkanes, etc. act as 
such molecules. Since the formal oxidation state increases by two units, the 
process was named the oxidative addition, and the inverse process was named 
the reductive elimination. 


The possibility of oxidative addition is determined by several factors, such as 
the presence of two free coordination sites, the difference between the bond 
energies Ex y and the sum Ey. x + Ey y, the positive overlap and energy 
correspondence of orbitals of the metal and substrate, and the absence of steric 
hindrances. For example, the oxidative addition of H, to Pt(PH;), is exothermic, 
AH = 67 kJ/mol. 


Since in such molecules as H2, RH, and RCI the lowest unoccupied orbitals 
have a rather high energy, the tendency to oxidative addition of small molecule 
is most pronounced for low-valence metals with the highest occupied d-orbitals. 
The typical redox transitions are 


d 10 I d? (Pd? > d5, d? = dê (Rh! m Rh"), 
d 6 hs d 4 (Ru! IN Ru’), cpt’ EN Pt"5 


Oxidative addition to the central metal atom is favored by ligands increasing 


the electron density on the metal. The formation of alkane RH from the 
alkylhydride complex (R—M-—H) is an example of reductive elimination. 


17.3.4. Homolytic and heterolytic addition 
In homolytic addition fragments of the substrate molecule X—Y add to two 


metal-containing molecules with the change in the oxidation state of each metal 
by unity 


Moln” + MogL,' + XY — MaL,X + Moln Y 
The example of this reaction is 


2Co!(CN);* + H; —5 2Co™H(CN);* 


The factors that influence on this process are analogous to those favoring 
oxidative addition. 
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In heterolytic addition the oxidation state of the metal remains unchanged, 
and one of the fragments of the X—Y substrate transforms into the ionized state 
as it takes place in the addition of molecular hydrogen to ruthenium(II) 
hexachloride 


[Ru CL] + H; e (Ru'!ClH]* + H* + CF 


17.3.5. Insertion and migration of internal ligands 


In the general case, the insertion of the ligand is described by the scheme 


M-X-Y-Z (i) 
M-Z + ex 
M-X-Z (ii) 


The AI, B, Rh. Mo, Ti, Mn, Fe, and Pd atoms act as M in these reactions. The 
X=Y bonds are presented by such bonds as C=C, C=N, N=N and C=O, and 
C-N—R. An example of reaction I is the insertion of the polar ketone group at 
the polar AIH bond 


RoAIH + RR yC=O0 = RojAI--O--CHRR,; 


The low-polarity bonds of olefins are inserted into the low-polarity M—H 
and M—C bonds in complexes of the d'-, d’-, and d?-metals (for example, MH;, 
Cp) 


E dd 
Poe PS | | 


The second type of insertion can be illustrated by the insertion of carbon 
monoxide into manganese methylpentacarbonyl 


CH;Mn(CO); + CO > CH;(CO)Mn(CO); 


The migration of one ligand from the metal atom to another ligand is possible 
inside the coordination sphere 
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R 
l 
R-M-C=0 ——-  M-C-O 


o-n-Rearrangements of the type 


X 
M-X-Y ——> M---| 
Y 


can also be attributed to processes of internal ligand migration. 


Similar transformations are stimulated by a change in the coordination 
number of the central atom due to the addition or elimination of the external 
ligand, e.g., amine (L) in the reaction 


(CH; = CH4)PICljL—— L + CH4CH3 PtClh L 


Fig. 17.5. Scheme of nucleophylic attack of NH; on a coordinated olefin assisted by 
palladium complex (Sakaki et al., Inorg. Chem. 26, 2499-2505, 1987). Reproduced with 
permission. 


The special role in reactions (hydrogenation, dehydrogenation, carbonylation, 
alkene isomerization, chain growth, etc.) involving coordination compounds 
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belongs to carbenes (as ligands), whose simplest representative is methylene 
(:CH). This molecule exists in three states 


p 7, 2 
iD K. ttn) 


3(ay) Ng?) 10) 


The triplet *-(c,) state with the HCH angle about 135? is the most stable 
configuration. Energy of 38 kJ/mol is required for the transformation to the 
excited singlet state !(c?). The latter state is most reactive in one-stage addition 
to multiple C=C bonds and insertion at the C—H, H—H, and other ordinary 
bonds. In the majority of reactions the methylene derivatives exhibit the 
electrophilic properties. However, strong 7-donor substituents, for example, 
MeO, favor nucleophilic reactions. 


The palladium -assisted nucleophylic attack on a coordinated olefin studied 
by ab-initio semiquantitative method is presented in Fig. 17.5. 


The combination of the mechanisms listed in the coordination sphere of the 
metal results, in most cases, in the equality of the energies of intermediate states 
and low energy barriers to catalytic processes. 


17.4. Hydrogenation and activation of C—H bonds 


The addition of molecular hydrogen to unsaturated compounds does not 
occur due to the high energy barrier caused by the quantum-chemical prohibition 
and high bond energy in H;. 


However, we know numerous homogeneous catalytic reactions occurred with 
a high rate under the action of low-valence complexes of such metals as Ru, Rh, 
Co, Pt, Pd, Mn, etc. The typical ligands of such complexes are phosphines, CO, 
CT, CN’, and others. Clusters of the Pd, Pt, Ni, and Os metals are used in recent 
years. The structure of one of these complexes obtained by the Hartree-Fock- 
Slate transition state method is presented in Fig. 17.6 


The key stage of the catalytic reaction is the formation of the hydride M—H 
complex with the simultaneous coordination of the unsaturated X-Y bond of the 
substrate to the metal atom. Then the unsaturated bond (for example, CO) reacts 
with the M—H bond followed by the addition of the second hydrogen atom. 
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Fig. 17.6. Structures and energies of CH;C(O) Mn(CO), and HC(O)Mn(CO),. The 
energies (kJ mol-1) are relative to the parent CH;Mn(CO); and HMn(CO)5 molecules, 
respectively. Bond distances are given in A (Ziegler et al., J. Am. Chem. Soc. 108, 612- 
617, 1982). Reproduced with permission. 


The hydride complex can be formed via three mechanisms: oxidative 
addition (1), homogeneous (2) or heterolytic (3) addition. These three processes 
are presented below. 


RhCKPPh); + H2 = RhCIH;(PPh 3 
2Co(CN);* + H, = 2HCo(CN),* 
RhCL(PPh;); + H; — RhCIH(PPh;), + HCI 


The limiting stage of the process is, as a rule, the intracomplex migration of 
hydride to the unsaturated bond, as it is assumed, e.g., for the so-called 
Wilkinson complex 


The subsequent isomerization stages with hydride migration and reductive 
elimination of alkane complete the catalytic cycle. 
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In the above reaction the second hydrogen atom adds to ethylene by the 
migration of the hydride atom already present in the complex. This mechanism is 
designated by the symbol n*. In another, n^-mechanism, which involves 
Co(CN);*, the insertion of the unsaturated bond into the hydride complex is 
followed by the oxidative addition of the H; molecule accompanied by the 
elimination of the hydrogenated product and regeneration of the catalyst. The 
following reactions occur between methane molecules and protons of the 
medium and in halogenation and hydroxylation of hydrocarbons in the presence 
of Pt" tetrachloride: 


_-CH3 
PK. | 
`H 











p! + CH, = PCH; + Ht 


k room temperature k, = 3*10? 1/(mol°s), ki [H Vk = 1.75° 10? M and k; = 0.14 
; the reaction proceeds through the formation of the metal-alkyl complex, 
coe formation was detected by NMR. 


The coordinationally unsaturated intermediate rhodium complex was proved 
experimentally at low temperatures (—55?C). The formation of the C—C bond is 
catalyzed by bivalent palladium complex. It is assumed that the activation of 
aromatic compounds is facilitated due to the preliminary x-coordination of the 
substrate to the metal atom. The examples of other reactions involving low- 
valence metal complexes are presented in the next section. 


The interaction of CO; with the H ligand in CuH (PH) complex through the 
charge-transfer from the H ligand to CO2 and the electrostatic interaction 
between the Cud+ and (O) atoms is schematically shown in Fig. 17.7. These 
interactions correspond to a four-center-like transition state. 


In strongly acidic media, for example, in CF4COOH, hydrogenation begins 
from the protonation of the substrate followed by the addition of hydride to the 
radical cation that formed. 
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Fig. 17.7. Interactions in complex CuH(PH3) with CO; proposed on the basis of ab initio 
study (Sakaki et al., /norg, Chem 28, 2583-2590, 1986). Reprduced with permition. 


In the present time many catalytic systems have been proposed in which 
various unsaturated compounds, viz., alkenes, alkanes, dienes, aromatic and 
heterocyclic compounds, aldehydes, ketones, and nitro compounds, are 
hydrogenated by molecular hydrogen. Selecting the corresponding catalysts and 
reaction conditions, one can achieve a high selectivity and perform reactions that 
afford asymmetrical compounds. 


Under specific conditions, hydrogenation can proceed through a series of 
one-electron stages. A similar mechanism likely takes place when nitrobenzene 
is reduced in aprotic solvents in the presence of PtCh, NaBH,, and 
hydroquinone. It is assumed that the catalyst donates electrons to the substrate 
molecule, and hydroquinone  protonates the reduced intermediate. 
Phenylhydroxylamine is the final reaction product. 


Several other hydrogenating agents are used in addition to dihydrogen. For 
example, in the presence of the CoCb, FeCb, and RhCI(CO)(PPh;); catalysts, 
NaBH, hydrogenates alkenes and amines. Organic compounds, such as silanes, 
alcohols, acids, dioxane, piperidine, and several inorganic complexes, e.g., 
Mo(CO),, can serve as sources of hydrogen and electrons in the corresponding 
reactions. 


An interesting type of reactions including the activation of chemically inert 
C—H bonds is based on oxidative addition. This process appears, in particular, 
in isotope exchange of alkanes with molecular hydrogen. 


17.5. Carbonylation, carboxylation, hydroformylation and hydrochlorination 


Homogeneous catalysts based on complexes of low-valence transition metals 
favor the reactions of carbon monoxide and formate with molecular hydrogen, 
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alkenes, alkynes, alcohols, amines, and organometallic compounds and the 
addition of hydrogen halides to unsaturated bonds. 


The key stages of the process are the already described stages of substrate 
coordination, oxidative addition of molecular hydrogen, and intracomplex 
insertion. 


As an example, we present the scheme of hydroformylation, i.e., HCo(CO)3- 
catalyzed reaction of CO and H, with olefins R—CH-CH; to form the 
corresponding aldehydes 


H-Co(CO, CO-Co(CO, 
recon ten. | "ES (CO3) oo ;Co(C0); 
(1) : (2) : 
H;C-CHR H;C-CH;R 
e| 
0. 


Qa H; AS 
R-CHxzCH-CH <ua &-CHrzCH;C-Co(CO); 


As can be seen in the scheme, intracomplex insertion occurs twice. The 
rhodium catalysts, e.g., HRh(PPh;)(COy, are more active (by three, four orders 
of magnitude) in this reaction. 


The intermediate insertion product can react with nucleophilic molecules 
(H20, ROH) according to the scheme 


MC(O)CH4CH 4 — , MH + XC(O)CH,CH; 


to form the corresponding acids, esters, and amides. Soluble rhodium and 
iridium carbonyl complexes in the presence of the iodide anion catalyze 
reactions of this type most actively. For example, the [RhI,(CO)2] anion is the 
active species in methanol carbonylation. Such ligands as phosphines also favor 
the reaction. Iridium, rhodium, and ruthenium carbonyls in the presence of Lewis 
acids (AICh, AIBr;, and BBr;) are sufficiently active. 


Palladium and rhodium complexes catalyze the carbonylation of arylmercury 
and aryllead compounds to form ketones of alhydrides and esters, for example, 
according to the scheme 
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Phy Hg + PdCl, —2-» PhCOCI + HgCl; + Pd 


Catalytic systems involving such an inert molecule as carbon dioxide in the 
reaction have been proposed in recent years, for example, 


2CO+ Mo, (OR)g — Mo; (OR)4 (CO, )o , 


CO, + Hy + CHOH —BHF& CO» , HCOOCH; + H30, 
CO; + CoH een, Ph — COOH, 


CO; + HMo(CO); —> HCOOMo(CO); 


These reactions, most likely, also involve the stages described above of 
oxidative addition and intracomplex insertion. 


The examples presented convincingly demonstrate possibilities of using low- 
valence transition metal complexes in various catalytic reactions. 


17.6. Polymerization, oligomerization, and metathesis 


Organic compounds with multiple bonds in the presence of complexes 
containing transition metals (Ti, Rh, W, Mo, Re, Ni, and others) can undergo 
various transformations to afford polymeric, oligomeric, and isomeric products. 
Despite a variety of catalytic mechanisms, these processes are characterized by 
several general properties including the stages of formation of low-valence 
coordinationally unsaturated intermediates, coordination of unsaturated bonds, 
and intracomplex insertion. In many cases, the activation of the intermediate 
complex occurs due to the alkylation of the central metal atom. 


The Ziegler—Natta catalysts are most efficient in heterogeneous and 
homogeneous polymerization of olefins. They consist of two main components: 
complexes of metals of Groups IV— VII and halide groups. 


One of the most active homogeneous catalytic systems includes bivalent 
titanium complexes and alkylaluminum chloride. The reaction is assumed to 
proceed via the following scheme: 
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These stages result in the formation of the active form of the catalyst. The 
next is the key stage of ethylene insertion at the methane-alkyl bond, whose 
multiple repetition results in the polymeric chain growth. The reaction ceases 
when the metal in the catalytic complex is reduced to the trivalent state. 


Non-stereoregular atactic polymer is obtained in homogeneous catalytic 
systems during propylene polymerization. The stereoregular polymer is obtained 
when heterogeneous catalysts are used. Oligomerization is the formation of 
products with a higher molecular weight than the initial substrates but 
insufficient to consider them polymers. Catalysts of alkene oligomerization are 
the Ziegler—Natta contacts, metal (Ni, Co, Rh, Fe, Cr) carbonyl complexes, and 
dimeric complexes of the Rh(CF4COO), type. Two types of oligomerization are 
distinguished: cyclic and linear. 


The cyclic process can be illustrated by acetylene cyclotrimerization to 
benzene by a transition metal in a low oxidation state. At the first stage, two 
acetylene molecules give the five-membered cycle involving the central M atom, 
and the insertion of the third acetylene molecule increases the number of atoms 
in the cycle to seven followed by the rearrangement to benzene 


Be 


H 
HC A Z E 
HC-—CH 
M —- [Ow A | M — M+ 
HEQ X eae 
CH 


Ethylene is dimerized similarly involving nitrile and acetylene derivatives to 
butene on the Ziegler catalysts. 
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The Ni? and Co” complexes with phosphine ligands are most active in the 
presence of alkylaluminum chlorides in the linear oligomerization of alkenes. 
These reactions also involve, most likely, the stages of substrate coordination, 
c-n-rearrangement, insertion, and reductive elimination. 


Metathesis is the redistribution of unsaturated bonds between alkene or 
alkyne molecules 


Ra) Ro) 

poo Ry) Ro) 
t > | 4 | 

>= R 


(3) Ra) 
Rø) Ra 


These reactions are catalyzed by systems similar to the Ziegler—Natta 
contacts, in particular, those containing tungsten hexachlorides, molybdenum 
and rhenium pentachlorides in the presence of alkylaluminum chlorides. 
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Fig. 17.8. The full catalytic cycle for metathesis by W oxo-alkylidene with Lewis base. 
Energies are DG3000 in kcal/mol (Rappe A.K and Goddard III, W.A., J. Am. Chem. Soc 
104, 448-456, 1982). Reproduced with permission. 
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The most probable mechanism of metathesis is that involving a metal-alkyl 
complex, which transforms into a metal-carbene complex, e.g., according to the 


scheme 


RIC-CR;  Ç—C—R;' 











M-CH;-R HM-CHR 
a) (2) M—C—R;' 
G) 





Complex (2) coordinates the second olefin molecule. Then stages of o-n- 
isomerization, metallocycle formation, o-z-isomerization, and escape of the 
newly formed RCH-CR'o, molecule from the coordination medium are 
assumed. 


Fig. 17.8 shows the full catalytic cycle for metathesis by a tungsten complex. 


17.7. Oxidation 


Transition metal complexes can be included into the catalytic processes by 
the coordination and activation of the substrate or oxidant. 


The Waker process exemplifies the first type of process. It is the reaction of 
oxidation of ethylene and other olefins to acetaldehyde in the presence of Pd" 
and CuCl, salts in an aqueous hydrochloride solution. The reaction is assumed to 
occur through the scheme 














CH; 
OH, al {| CH, a CH;OH á 
Pd; uo 7 CH, ee ff PA + CHC 
a g 2 c g 
2 2 


The key stage of the process is n-o-rearrangement with the insertion at the Pd— 
OH bond and elimination of a proton. At the subsequent stages, metallic 
palladium is reoxidized by CuCl, and O; to the initial state. 


Aromatic compounds, including toluene and xylene, enter into analogous 
catalytic processes. The stages of coordination and formation of the = C—Pd 
covalent bond are also postulated for oxidative dimerization and oxidative 
coupling of olefins and aromatic compounds. Olefin oxidation is also catalyzed 
by the Hg" and TI" complexes. 
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Many complexes of molecular oxygen with transition metal ions are known. 
In all cases, the electron density shifts from the metal to Oz. According to this 
fact, the complexes of the "peroxide" complexes are dístinguished 


[^] 
M"*---| ge wes 
e 
They are typical of metals with the d*- (Ir', Co") and d'*- (Pi), Pa’, Ni?) 


configurations with electron-donor, e.g., phosphorus, ligands and ligands of the 
“superoxide” type 


[Mn'--0-0 e M*--0—0] 
The latter type is presented by the Co^*, Co^*, Mn?*, and Fe?” complexes with 
porphyrin and other macrocyclic ligands and the Ti**, Mo™, and V?' complexes. 


The complexes described above and binuclear systems of the type 


[Co”*---O=O---Co”* & Co*—-0—-0--Co*'] 


are highly stable in redox reactions and are “keepers” and carriers of Op. 


The Cu?* and Fe?* complexes are used for the activation of the inert oxidant, 
viz., molecular oxygen. The inclusion of O; into the coordination sphere of these 
metals results in the reaction of inner-sphere transfer of one or two electrons and 
a series of subsequent redox processes. Let us consider some reactions involving 
2,2'-dipyridyl complex L;Cu^, which catalyzes the oxidation of different 
substrates of the AH; type (malonic and ascorbic acids) 


AH - (CuO; ) + Ly > Cu* AH Ly, 
L,(CuO3)*+ AH^ <—> AH” L(CuO5)* + L, 
AH" L(CuO3)* —— LCuA + HO} 


In this reaction the key stage is the inner-sphere transfer and an electron and 
proton followed by the escape of the active radical species HO, into the solution. 


It is most likely that the different, more thermodynamically favorable 
mechanism takes place in the oxidation of alcohols, in particular, methanol. It is 
the inner-sphere two-electron transfer of the hydride ion from the alcohol 
molecule to oxygen 
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CuO—O H—CH;OH OH; 


Simultaneously a proton is transferred from the carbon atom of alcohol to the 
solvent. Other mechanisms of oxidative processes in the presence of metal 
complexes are also presented in the literature. For example, the Co”, Mn", and 
Pt" complexes complexes oxidize olefins presumably by the one-electron 
mechanism. The reaction of O, with cobalt dicyclopentadienyl derivatives is 
accompanied by the oxidation of a-diketones and o-quinones. 


17.8. Metal complex electrocatalysis 


A promising direction based on the combination of stages of metal complex 
catalysis with electrode processes has recently been developed. 


Two types of electrocatalytic processes are distinguished. The first type 
includes the outer-sphere transfer of an electron to the catalyst molecule in the 
oxidized form (Kox), which performs the further catalytic process of 
transformation of the substrate S into the product Pr in a solution 


Kox + E<— > Kreg, Kreg +S— Ko, +Pr 


Another type of electrocatalysis includes the formation of an intermediate 
complex between the catalyst and substrate and further reaction according to the 
scheme 


Kox +Az= Ko, A, Kg, A——9 Ko, P — Kox + Pr 


Efficient electrocatalysis can be exemplified by dehalogenation of aryl and 
alkyl halides (ArX). The direct electrochemical reduction of these compounds 
requires very low redox potentials (-1.6 V). However, in the presence of the 
zero-valence nickel tetraphosphine complex, efficient dehalogenation via the 
scheme 


NiP, Z> ArnixP, —328 1, Ar” + NiP + HX, 
Ar + ArNiXP, —— Ar- Ar+ X. + NiP, 
occurs. 


Another example is the catalytic reduction of compounds bearing the triple 
bond (No, C,Fb, CO). The system containing Mo", 
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dipalmitoylphosphatidylcholine, and phosphines reduces molecular nitrogen to 
ammonia on the mercury cathode in a protic medium. 


Non-catalytic reactions are very non-efficient under the conditions of an 
electrode process because the direct one-electron reduction of this molecule to 
CO; needs the potential about —2 V. The catalysts, viz., Re(bipy)(CO)3Cl and 
[Re(bipy)(CO);]* complexes and Ni^* and Co? derivatives, allow the reduction 
of carbon dioxide to CO and H, under much milder conditions. 


Ni-complexes has been proved to be efficient in the electrocatalysis (Fig. 
17.9)  Electrocatalysis turned out to be efficient in a series of other reactions, 
such as water oxidation to molecular oxygen on iron(II] and cobalt(IIT) 
hydroxides, oxidation of hydrocarbons by hydrogen peroxide and molecular 
oxygen in the presence of iron ions and hemin derivatives. 
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Fig. 17.9. Postulated mechanistic cycle for the electrocatalytic reduction of CO; into CO 
by Ni cyclam^" in water (Beley et al., J. Chem. Soc. 108, 7461-7467). Reproduced with 
permission. 


17.9. Water oxidation 


The life giving process of water decomposition in containing manganese 
photosynthetic systems still remains one of the most challenging problems to 
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biochemists and chemists. The evolution dioxygen from water in a cluster of 
transition metals in the biological systems at the absorption of light quanta of 
low energy can occurs by a sequence of elementary steps: four one-electron steps 
of oxidation of the manganese complex and, most probably and by one four- 
electron step of O» evolution . In approaching this problem, a number of artificial 
manganese clusters and other transition metal clusters were synthesized and 
investigated (Shilov, 1997; Rüttinger and Dismukes, 1997) 


The crystallographic structures of the [Mn;(2OHsalpn);]" complex of different 
oxidative states (-,0,+) have been determined (Gelasko et al, 1997). These 
molecules form dimers with both of the ligands spanning both Mn ions with the 
alkoxide on the backbone of the ligand bridging the metals. The following metal- 
metal distances were obtained: Mn(II)-Mn(II) = 3.33 A], Mn(II)-Mn(III) = 3.25 
A, Mn(III-Mn(III) = 3.36 A, Mn(III)-Mn(IV) = 3.25 A. Significant structural 
changes in the polyhedra of X-ray structures of a series of dimanganese 
complexes and terpyridine dimanganese oxo complexes across the range of 
metal oxidation states, have been observed. The authors suggested that these 
changes are reminiscent of the carboxylate shift in metal carboxylate in the 
natural complex. It also illustrates how alkoxide ligands can participate in an 
analogous alkoxide shift to generate a binding site for an incoming ligand, such 
as MeOH, or a substrate, such as H20;. 


A series of dimanganese complexes, [Mn2IILIV(p-O);(terpy)2(H50)2]" (1), 
[MnjIILIV(u-O)Xterpy)jCF3CO2))T', (2), and [MnjIILTII(u- 
O)(terpy)(CF3;CO2)4]  (tepy =  22*:62"-terpyridine) have been 
crystallographically characterized (Baffert et al., 2002). The electrochemical 
behavior of complex (2) in CH4CN shows that while this complex could be 
oxidized into its stable manganese(IV,IV) species its reduced form 
manganese(IIIII) is very unstable. A model water oxidation complex 
(H,O(terpy)Mn(O).Mn(terpy)OH2](NO3); (terpy is  2,2:6'2"-terpyridine), 
containing a di-u-oxo manganese dimer, was synthesized and structurally 
characterized (Limburg et al, 2001). This complex catalyzes the dioxygen 
evolution. Oxygen-18 isotope labeling showed that water is the source of the 
oxygen atoms in the evolved dioxygen. Another functional model for 
photosynthetic water oxidation, the complex, 
[(terpy)(H»O)MnIII(O),MnIV(OH,)(terpy)](NO3)° (terpy = 2,2':6,2"- 
Terpyridine,) has been synthesized and characterized This complex catalyzes O» 
evolution from either KHSOS (potassium oxone) or NaOCI via an intermediate 
complex [(terpy)(SO,)MnIV(O),MnIV(SO,)(terpy)]. Dioxygen evolution in 
systems containing  cubane-type tetramers, [Ru,(CO);.(y3-Se)4] and 
[(dppeMn4O4] (dpp- -diphenyl phosphinate anion), have been indicated 
(Rüttinger and Dismukes., 2000). 
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17.10. Long-range electron transfer (LRET) 


LRET between donor (D) and acceptor (A) centers can occur by three 
mechanisms: 1) direct transfer which involves direct overlap between electron 
orbitals of the donor and acceptor, 2) consecutive electron jumps via chemical 
intermediates with a fixed structure, and (3) superexchange via intermediate 
orbitals. 


In direct LRET the direct electronic coupling between D and A is negligible 
and this mechanism is not practically realized in condensed media being non- 
competitive with the consecutive and superexchange processes. In theoretical 
consideration of the consecutive LRET a relevant theory of ET in two-term 
systems can be applied. 


Of considerable interest is the superexchange process. According to the 
Fermi Golden Rule, the non-adiabatic ET rate constant is strongly dependent on 
electronic coupling between the donor state D and acceptor state A connected by 
a bridge (Vas) which is given by an expression derived from the weak 
perturbation theory 


Vaz = uA (17.1) 
AE, 

where V4, and Vag are the couplings between bridge orbitals and acceptor and 
donor orbitals, respectively, and AE, is the energy of the bridge orbitals relative 
to the energy of the donor orbital. The summation over a includes both occupied 
and unoccupied orbitals of the bridge. This approach was extended to a more 
general case, where D is connected to A by a number of atomic orbitals. A 
special, so-called "artificial intelligence", search procedure was devised to select 
the most important amino acid residues, which mediate long-range transfer 
(Siddarth and Marcus, 1993). 


A semi-empirical approach for the quantitative estimation of the effect 
bridging the group on LRET was developed by Likhtenshtein (1993, 1995). The 
basic idea underlying this approach is an analogy between superexchange in 
electron transfer and such electron exchange processes as triplet-triplet energy 
transfer (TTET) and spin-exchange (SE). The ET rate constant is proportional to 
the square of the resonance integral Ver. 


All three integrals Ver, Jg; and Ji, are related to the overlap integral (S;), 
which quantitatively characterizes the degree of overlap of orbitals involved in 
these processes. Thus 
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Ver J sg Jr œ S? œ exp(-B;R;) (172) 


where R; is the distance between the interacting centers and B; is a coefficient 
which characterizes the degree of the integral decay. The spin exchange and TT 
phenomena may be considered an idealized model of ET without or with only a 
slight) replacement of the nuclear frame. Thus, the experimental dependence of 
exchange parameters krr and Jsg on the distance between the exchangeable 
centers and the chemical nature of the bridge connecting the centers may be used 
for evaluating such dependences for the resonance integral in the ET equations 
(Eq. 17.2). 


Remarkable progress has been made in the elucidation processes of electron 
transfer in biological and model systems. This progress has been achieved 
through massive and concentrated applications of the entire arsenal of modern 
chemical, biochemical and physical methods. Biochemistry and biophysics 
provide isolated and functionally well-characterized samples of electron transfer 
in biological objects. Synthetic chemistry and genetic engineering allowed 
purposeful modification of biological and model molecules. Structural methods 
including X-ray analysis and all kinds of spectroscopy from Gamma-resonance 
to nuclear magnetic resonance reveal the detailed chemical structure of proteins 
with natural and artificial donor and acceptor sites. The most advanced theories 
of electron transfer have been used to analyze the experimental data. 


For example, s was shown in large series works, (H.Gray and his colleagues) 
by varying the position of the ruthenium complexes relative to metalloproteins 
redox-active sites, it has been possible to estimate experimentally the coupling 
factor and its dependence on the distance between the redox centers and the 
chemical nature of the intermediate medium. It was shown that electron transfer 
in the modified proteins occurs for distance up to 16 A significantly faster than it 
would in a vacuum or aqueous medium. 


The experimental data on dependence of rate constants of electron transfe kgr 
on the distance between the centers (AR) is approximated by the following 
equation (Dutton, P.L.;Likhteshtein. G.I.) 


ker ~exp (- B; AR) (17.3) 


Figure 17.10 shows that the logarithm of maximum rates of electron transfer 
in reaction centers (RCs) of purple bacteria and green plants photosystem I (PSI) 
spanning 12 order of magnitude for intraprotein ET reaction as a function of the 
rd to edge distance generates an approximate linear relationship with B = 1.3 
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Fig. 17.10. Dependence of maximum rate constant of ET on the edge-to-edge distance in 
photosynthetic reaction centers of bacteria and plant photosystem. The straight line is 
related to the dependence of the attenuation parameter for spin exchange (ysg) in 
homogeneous “non-conducting” media. Filled circles (Likhtenshtein, G.I., J. Phochem. 
Photobiol. A: Chem. 96, 79-92. 1996). Reproduced with permission. 


17.11. Concerted reactions. Synchronization factor 


In order to explain the high efficiency of many chemical and enzymatic 
processes, wide use is made of the concepts of energetically favorable, concerted 
mechanisms. In a concerted reaction a substrate is simultaneously attacked by 
different active reagents with acid and basic groups, nucleophyle and 
electrophyle, or reducing and oxidizing agents. It may however be presumed, 
that certain kinetic limitations exists on the realization of reactions which are 
accompanied by a change in the configuration of a large number of nuclei. 
(Bordwell, F.G., 1970, Likhtenshtein, G.I., 1974). 


According a simplified theory (Alexandrov, 1976), a concerted reaction 
occurs as a result of the simultaneous transition (taking approximately 10°? s) of 
a system of independent oscillators, with the mean displacement of nuclei Qo, 
from the ground state, to the activated state in which this displacement exceeds 
for each nuclei a certain critical value (Qer). If Qer -> «o and the activation energy 
of the concerted process Esm > nRT, the theory gives the following expression 
for the synchronization factor which is the ratio of the pre-exponential factors of 
the synchronous and simple processes: 
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for each nuclei a certain critical value (Qa). If q -> qo and the activation energy 
of the concerted process E,,, > nRT, the theory gives the following expression 
for the synchronization factor which is the ratio of the pre-exponential factors of 
the synchronous and simple processes: 


n-i 


RENE | ut i (17.4) 


2 n-l TE syn 








where n is the number of vibrational degrees of freedom of the nuclei 
participating in the concerted transition. 


At Der < Qo and En < nRT, 
n 
Asyn = PES (17.5) 


In fact, in the frame of the Alexandrov model, when the average thermal 
energy of the system (E,, = nRT) exceeds the energy of the activation barrier, the 
process can be considered as activationless. Analysis of Eqs. 17.4 and 17.5 
provides a clear idea of the scale of the synchronization factor, and the 
dependence of this factor on the number of n and therefore on the number of 
broken bonds and the energy activation (Fig. 17.11). 


For example, at moderate energy activation 20-40 kJ/mole, typical for 
enzymatic reactions, the incorporation of each new nucleus into the transition 
state can lead to a ten-fold decrease in the rate of the process. 


Therefore, in the case of an effective concerted mechanism, the decrease of 
the synchronization probability (Osy) with increasing n must be compensated for 
by an appreciable decrease in the activation energy. 


The models of concerted processes discussed above are only a crude 
approximation of the motion of a complex system of nuclei along the reaction 
coordinate. However, such an approximation apparently permits one to choose 
between the possible reaction mechanisms. The reliability of such a choice 
increases through a comparative examination of alternative reaction coordinates. 


The principle of *optimum motion" in elementary acts 499 


17.12. The principle of "optimum motion" in elementary acts of chemical 
and enzymatic processes 


From the point of view of general concepts of chemical reactions, the less 
nuclei change their position in the course of an elementary step, the lower 
reorganization the energy and, therefore, the energy of the activation of the step 
(principle of “minimum motion"). On the hand, involving several acid-base, 
donor-acceptor and redox groups in concerted reaction can markedly decrease 
the reaction activation energy. Nevertheless, have led to the formulation of the 
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Fig. 17.11. Theoretical dependences of the synchronization factor (asyn) on the number 
of degrees of freedom (n) of the nuclei involved in a concerted reaction. The curves have 
been constructed in accordance with Eqs 2.44 and 2.45. (Likhtenshtein, G.L, Chemical 
Physics of Redox Metalloenzyme Catalysis, Springer-Verlag, Berlin.. 1988). Reproduced 
with permission 


principle of “optimum motion" (Likhtenshtein, 1974). According to this 
principle, the number of nuclei whose configuration is changed in the elementary 
act of a chemical reaction must be sufficiently large to provide favourable 
energetics for the step and, at the same time, sufficiently small for the 
maintenance of a high value of the synchronization probability during motion 
along the reaction pathway to the reaction products. 


The condition preferring the concerted reaction as opposite to the direct with 
a rate constant kj; and energy of activation E,;, is the inequality 
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Though the estimates that illustrate the principle of “optimal motion" are 
based on simplified models and approximation formulas (2.44 — 2.46), they have, 
nevertheless, made it possible to drew some conclusions which are apparently 
useful in taking into account the treatment of complex elementary acts of 
chemical and biochemical processes 


In transition state theory, the rate of an adiabatic chemical reaction depends 
only on the difference between free energy in initial and transition states. From 
point of view of thermodynamics, formation of an intermediate complex can not 
give any preference to the process as compared with a collision complex. 


Nevertheless, the formation of a preliminary (pretransition) structure on the 
reaction coordinate can constrain the system of nuclear motions that do not lead 
to reaction products and, therefore, accelerate the process. It is necessary to 
stress that this acceleration is not caused by entropy reason, but by the 
optimization of the synchronization factor. 


17.13. Multi-electron mechanisms of redox reactions. Switching molecular 
devices 


There are a considerable number of reactions in which the products contain 
two electrons, more than the starting compounds, and the consecutive two-step 
one-electron electron transfer process proves to be energetically unfavorable. In 
such cases, it is presumed that the two-electron process occurs in one elementary 
two-electron step. An example of a two-electron process is the hydride transfer, 
when two electrons are transported together with a proton. BH4, hydroquinones 
and reduced nicotinamides are typical hydrid donors. A specific feature of 
quinones is the capacity to accept and then to reversibly release electrons one by 
one or two electrons as a hydride. Therefore, quinones can serve as a molecular 
device, which can switch consecutive one-electron process to single two-electron 
process. 


Another possible two-electron mechanism involves the direct transport of 
two electrons from a mononuclear transition metal complex to a substrate (S). 
Such a transport alters sharply the electrostatic states of the systems and 
obviously requires a substantial rearrangement of the nuclear configuration of 
ligands and polar solvent molecules. For instance, the estimation of the 
synchronization factor (Qs) for an octahedral complex, with Eq. 2.44 shows a 
very low value of o, = 107? to 10° and, therefore, a very low rate of reaction. 


Multi-electron mechanisms of redox reactions 501 


The probability of two-electron processes, however, increases sharply if they 
take place in the coordination sphere of a transition metal, where the reverse 
compensating electronic shift from the substrate to metal occurs. Involvement of 
bi- and, especially, polynuclear transition metal complexes and clusters and 
synchronous proton transfer in the redox processes may essentially decrease the 
environment reorganization, and, therefore, provide a high rate for the two- 
electron reactions. 


The reduction of molecular nitrogen to ammonium and water oxidation to 
molecular oxygen causes six- and four-electron transfer to occur eventually in 
these reactions, respectively. Such processes obviously cannot occur in a single 
step. Analysis of the thermodynamics of plausible intermediates rules out one- 
and two-electron transfers for both reactions and only four-electron mechanisms 
are energetically allowed.. Evidently, the direct transport of four electrons from 
(or to) a mononuclear or even binuclear transition metal complex appears to be 
ruled out. Practically the only possible variant of the four-electron mechanism is 
the conversion in the coordination sphere of a transition metal polynuclear 
complex. 


The multi-electron nature of the energetically favorable process does not 
evidently impose any new, additional restriction on its velocity. Within a 
coordination sphere the orbital overlap is effective and, therefore the resonance 
integral V is high. The strong delocalization of electrons in clusters, polynuclear 
complexes in clusters and polynuclear complexes reduces to a minimum the 
reconstitution of the nuclear system during electronic transitions and, therefore, 
provides a high value for the synchronization factor. 


An important feature of polynuclear transition metal complexes in redox 
enzymes and its chemical models is their ability to evolve inert molecules, such 
as Nz, O2, and H,O into inner-sphere chemical conversion under ambient 
condition to N204, HzO and O;, correspondingly. According to thermodynamic 
estimations, the formation of N;H;, HO; and HO' as intermediates in the above 
mentioned processes is energetically strongly unfavorable. Therefore, these 
reactions include multi-electron elementary steps. It is necessary to stress that 
realization of elementary four-electron redox reaction is provided by a 
simultaneous transport of additional number electrons from the nearest electron 
donating or electron-accepting centers, that is to say, metal clusters or 
polynuclear complexes and subsequent proton transfer. Examples of the 
multielectron processes in biological reaction are presented in Chapter 18. 
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Chapter 18 


Enzymes as catalysts 


18.1. Basic concepts and definitions 


Enzymes are biological catalysts of the protein nature, which accelerate 
chemical reactions and are necessary for the living activity of organisms. 
Enzymatic catalysis is characterized by high substrate specificity (in some cases, 
stereospecificity), selectivity with respect to specific bonds of the substrate, and 
capability of fine regulating the activity under the action of effecters (activators 
and inhibitors). 


The majority of enzymes are active in a comparatively narrow interval of pH 
4—9 and temperatures (273—293 K). Experimental activation energies of 
enzymatic reactions are low (20—60 kJ/mol). 


Many enzymes consist of the protein macromolecule (apoenzyme) and 
cofactor (prostetic group), viz., non-protein molecule (ion, complex), which 
together with the protein forms an active catalyst. In other cases, protein 
functional groups of polypeptide chains play the role of the cofactor. 


Active site of enzyme is a combination of functional groups, peptide bonds, 
and hydrophobic regions in the enzymatic protein molecule, where chemical 
transformations occur. 


Coenzyme is a complicated organic or metaloorganic compound (cofactor), 
which successively binds to two different enzymes during the catalytic reaction 
and participates in the chemical transformation. 


Isosteric effects are caused by the direct interaction between two substrate or 
inhibitor molecules or enzyme regions; allosteric effects are related to the mutual 
influence of spatially separated enzymatic sites localized on different subunits. 


Homotropic allosteric effect appears in the system with identical ligands, and 
heterotropic allosteric effect is manifested for interaction between different 
ligands. 


Multi-site systems in which the kinetic and thermodynamic parameters of the 
same site depend on filling of other sited by substrate or effecter molecules are 
named cooperative. 
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Oligomer is a system consisting of a certain number of identical subunits, 
viz., protomers. 


Productive binding of the substrate by the enzyme appears in the cases where 
the improvement of complex formation in the substrate series (decrease in the 
substrate constant) either increases the maximum transformation rate or has no 
effect on this rate. Opposite effects are observed for non-productive binding. 


The International Biochemical Union recommends characterizing the 
catalytic activity of enzyme by the “catal” unit (symbol cat) corresponding to the 
transformation of one mole of the substrate per second. The molar catalytic 
activity is expressed in cat/mole of enzyme. 


18.2. Main statements of enzymatic catalysis theory 


Unique catalytic properties of enzymes are caused by two main specific 
features of their structure: polyfunctional character of the active site and 
capability of conformational transitions, which, in turn, is associated with the 
intramolecular mobility of protein globules of enzymes. 


Specificity of enzymes is related to the complementary structure of their 
active site to the structure of substrates. The active site is arranged, as a rule, in 
the macromolecular cavity of the enzyme and is formed from different chain 
regions of the protein globule. According to the Koshland theory, the 
complimentary structure is induced, namely, at the moment of interaction with 
the active site, the substrate induces such change in the enzyme geometry which 
corresponds to the optimum (for the specific reaction) orientation of groups 
directly involved in the chemical transformation of the substrate (catalytic 
groups). In the case of bulky substrates, multi-site sorption occurs in the active 
site due to the dispersion, hydrophobic, and electrostatic interactions and 
hydrogen bonds. Small molecules, such as O;, N2, and H2O, directly react with 
transition metal atoms. However, in this case, binding is also multi-site, for 
example, in binuclear complexes and clusters or involving metal-less groups. For 
instance, in the case of the complex formation of the O, molecule in hemoglobin 
with the Fe^' ion, a hydrogen bond is formed with the protonated histidine 
residue in the vicinity of the active site. 


The main reasons for the considerable acceleration of chemical processes by 
enzymes compared to a non-enzymatic process can be formulated as follows. 


1. Due to the binding contact functional groups and hydrophobic regions, 
enzyme sharply increases the concentration of the substrate in the active site and 
performs its precision orientation relative to the catalytic groups. This provides 
the acceleration of the process by 10*—10’ times. 
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2. The presence of nucleophilic and electrophilic groups or a whole set of 
redox sites in the active site increases the probability of synchronous acid-base 
and multi-electron redox stages, which are characterized by a lowered activation 
energy. 


3. Multi-point binding of substrates and the appearance of the unique 
Structure inside the active site cavity favors the stabilization of electronic 
configurations lying along the reaction coordinate, the formation of pretransition 
state, which energy is close to the transtion state energy, and equalization of 
levels of the intermediate states. 


4. The protein globule of an enzyme provides unique opportunities for the 
creation of the local dielectric medium optimum for a specified process. The 
dielectric properties of the active site created due to both the closest and remote 
electric charges can be controlled during the reaction by conformational 
transitions. 


5. The presence of redox and acid-base sites in the steric vicinity in the active 
sites makes it possible to perform elementary acts of conjugated processes. For 
example, the protonation of the redox site enhances its withdrawing ability, and 
the oxidation of the site can favor its deprotonation. The formation of hydrogen 
and other donor-acceptor bonds also influences on the redox properties of 
reactants. Another function of such bonds is the precision orientation of catalytic 
groups at all stages of the process in the active site. 


6. According to the R. Lumry concept, a change in the conformation of 
protein macromolecules during the formation and transformation of enzyme- 
substrate complexes disturbs these contacts and form others, results in the 
conformational pressure on the substrate and catalytic groups, which favors a 
decrease in the energy barriers of the reaction. The rule of mutual compensation 
of the free energy of the chemical reaction and conformational energy of the 
macromolecule is fulfilled, resulting in smoothening of the energy relief of the 
overall process. 


7. The dynamic structure of protein macromolecules of enzymes postulated 
by R. Lumri, K. Lindershtrom-Lang, and D. E. Koshland appears as the local 
thermal mobility of particular regions and the capability of induced 
conformational transitions. The hindered intramolecular mobility of proteins 
plays the main role in realization of such functionally important properties of 
enzymes as dynamic adaptation of the enzyme shape to the structure of catalytic 
and substrate groups, which changes during the chemical reaction, allosteric 
interaction between spatially separated sites, and realization of the principle of 
complementariness of free energies and induced correspondence. 
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8. Changes in the conformation of macromolecules of the enzyme and 
substrate can occur in such a way that the conformational result of one stage 
favors the beginning of the next stage. These mechanisms are favored by the 
domain (unit) structure of protein globules of enzymes. 


9. When organized in protein and membrane ensembles, enzymes gain 
additional possibilities for the functional and structural interaction by processes 
of electron and substrate transfer and through allosteric effects. 


The above catalytic features of enzymes, which can naturally be explained in 
terms of the concepts of the chemical kinetics, are inherent, to some extent, in 
standard chemical catalysts. However, in the case of enzymes, they are especially 
pronounced and, mainly, act in combination. 


18.3 Chemical Mechanisms of Enzyme Reactions 
18.3.1 Overview 


Creating enzymes in the processes of biological evolution, the Nature used 
whole arsenal of mechanisms of chemical reactions including covalent catalysis, 
general acid/base catalysis, electrostatic catalysis, desolvation, strain or 
distortion of a substrate, concerted reactions, short- and long-range electron 
transfer, multielectron transfer, “switching” mechanism and donor-acceptor 
catalysis (See Chapter 17). 


Specific forces maintaining enzymes native structure and providing its 
interactions with substrates and inhibitors are similar to those we meet in 
chemistry. They are covalent bonds, ionic (electrostatic) interactions, ion-dipoles 
and dipole-dipole interactions, hydrogen bonds, charge transfer complexes, 
hydrophobic interactions, and van der Waals Forces. 


Enzyme commission of the International Union of Biochemistry and 
Molecular Biology (IUBMB) established two enzyme nomenclatures systematic 
and trivial. According the systematic nomenclature all enzymes are divided upon 
6 classes: 1.Oxidoreductases; 2. Transferases; 3. Hydrolyses; 4. Lyases cleaving 
C-C; C-O, C-N bonds; 5. Isomerases, and 6. indication of bond formed. 


Table 18.1 illustrates tremendous acceleration of the reaction rate of a 
chemical reaction in enzymatic process as compared with noncatalytic one. 
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Table 18.1. 


Enzymes as catalysts 


catalytic and uncatalytic reactions, respectively) 


Enzymes 


Nitrogenase 


Methan monooxigenase 


Fumarase 
Carboxypeptidase 
Adenosine deaminase 
Phosphotriesterase 
Carbonic anhydrase 
Catalytic antibodies 


An information about types of chemical enzymatic reactions 


Kee Kuncat 


»10? 
>10” 
72x10" 
1.3x10? 
2.1x10? 
2.8x10!! 
7.7%10° 
102-10° 


catalytic groups is presented in Table 18.2. 


Table 18.2. Chemical reactions accelerated by enzymes. 


Chemical 
Reaction 


Hydrolysis by 
peptidases 


Hydrolysis by 
esterases 


Phosphorilations 
Oxidation 


Group or Enzyme 

molecule 

attacked 

peptide bond — a-chymotrypsin 

ester bond acetylcholinesterase 
ester bond p-glucosidase 
phosphate glucouse-6-phosphatase 
aldehyde glyoxalase 

C-H alcohol dehydrogenase 
C-H D-amino acid oxidase 
C-H methanol dehydrogenase 


H202 


catalase 


Rate enhancement of enzymes (ka, and kucar are the rate constants of 


of the main 


Catalytic 
groups 


Ser-OH, His- 
Im 


Ser-OH 


Gly-COOH 
Ser-OH 
glutathion 
pyridine 
flavin 


pyrroloquinoli 
ne 


hemin 


Chemical mechanisms of enzyme reactions 
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DH, peroxidase hemin 
Reduction N0* nitrate reductase 
Nz nitrogenase (Fe;Mo) 
cofactor 
Hydroxylation C-H phenol hydroxylase flavin 
C-H cytochrome P-450 heme 
C-H methane monooxygenase [Fe (UD) 
C-H ascorbate oxidase Cu” 
Deoxigenation Catechol catechol dioxygenase Fe(III) 
C-H prostaglandin-H hemin 
synthetase 
Substitution O-C disaccharide COOH 
phosphorilase 
Carboxylations  H,C=C< PEP-caarboxykinase Mn?* 
Decarboxylation CH,COO acetoacetate Lys-NH; 
decarboxylase 
Isomerization C-OH aldose-ketose isomerase — B; HB* 
OPO;* phosphomutase Ser-OH 
Elimination and COH enolase Mg” 
addition 
COH Aconitase Fe4S4 
Aldol reaction COH fructose 1,6-diphosphate — His-Im, Zn^ 
Aldolase 
Metylation N(CH3); Methionine synthethase cobalamin 
Rearrangements C-0 Chorismate mutase 


18. 4. Mechanisms of chosen enzyme reactions. 


a-Chymotrypsin. The enzyme accelerates hydrolysis of protein and peptides 


by more than 10’ times as compared with nonenzymatic reaction. œ- 
chymotrypsin used so called charge relay system, a catalytic triad Asp-102, His- 
57 and Ser-195, for performing the covalent and elecrostatic catalysis. The most 
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important property of the triad is a substantial increase the nucleophilic capacity 
of the Sr-95 OH group as a result of the charge relay shifting H to imidazole, 
which is in turn activated by the carboxylic group of Asp-102. This group 
possesses high nucleophylic power, being ducked in local media of polarity, 
which is markedly lower than polarity of bulk water. 


(a) 


i 
o 


H 

* 
O= OCH eN — NH 
SS ^ 
co, 
A 
X 
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(b) 
Co; 


NH 


N 
Catalysis A 


HO 
Binding | 


Fig. 18.1. The mechanism of action of “artificial chymotrypsin” (a); Complete model of 
acylchymotripsin (a) and miniature organic model of chymotrypsin (b) (D'Souza and 
Bender, 1987). Reproduced with permission. 


Uu 


Artificidl Enzyme 


: 


The most promising direction of the enzyme modeling is the synthetically 
mimicking the nature of the binding site and the active site in terms in close 
similarity of catalytic groups , stereochemistry, interatomic distances and the 
mechanism of action of the enzyme. Mimicking of the "proton-transfer relay' 
proposed for the mechanism of action of chymotrypsin is the brilliant example of 
such a work (D'Souza and Bender, 1987). The miniature organic model of 
chymotrypsin build up on the basis of a cyclodextrin and the mechanism of 
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hydrolysis m-tert-butylphenyl acetate has been constructed (Fig. 18.1). The 

catalytic activity of the "artificial chymotrypsin" in the hydrolysis of m-tert- 

butylphenyl acetate (Kea = 2.8x10? s, Ky = 13x10°M) was found to be close to 

Ep of chymotrypsin in the hydrolysis of p-nitrophenyl acetate (keat = 1. 1x10? 
"Ky = 4x10°M). 


B-Glucosidases. These enzymes catalyzing the hydrolysis of oligosacchrides 
use covalent catalysis. Activated carboxylic group, for example Glu387, in the 
active site of Sulfolobus solfataricus, forms the covalent C-O bond with a 
substrate, followed by the bond hydrolysis. 


Peroxidases, Catalase, Cytochrome P-450. The hemin-containing enzymes 
peroxidases and catalase catalyze the oxidation of electron-donor molecules 
(DH?) by hydrogen peroxide according to the following scheme 


DH, T H20, > D + H,O 


Various electron donors may serve as substrates: phenoles, amines, 
alchohols, and H20, (for catalase). 


5 
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Fig. 18.2. Compounds I and II as active intermediates in peroxidase and catalase 
reactions (Shilov A.E ) 


Fig. 18.2 illustrates the first decisive steps of the reaction with formation of 
compounds I and II possessing high oxidizing capacity (the values of redox 
potentials are E; = 970 mV and Ey, = 950 mV, respectively. Two-electron 
oxidation of hemin-Fe? group to compound I proceeds with the synchronous 
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assistance of protonated imidazole of histidine. Compounds I and H oxidize a 
substrate by two electron hybrid reaction (substrate ethanol, for instance) or two 
consecutive one-electron processes (p-aminophenol, for example). 


The protoheme IX containing enzyme Cytochrome P-450 catalyzes 
hydroxylation of organic substrates, i.c. hydrocarbons, organic acids, amines, 
etc. according the following scheme: 


RH + O,+ DH; = ROH +H,0+D 


where DH, is the reducing argent (NADH or NADPH). The protoheme IX fives 
ligand is a sulfur. Proposed reaction cycle for cytochrome P450 is presented in 
Fig. 18.3. 
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Fig. 18.3. The catalytic pathway of cytochrome P450cam (Schlichting I. et al.Science 
287, 1615-1622, 2000). Reproduced with permission. 
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Reaction pathway of a camphor hydroxylation catalyzed B - cytochrome 
P450 consists of the following principle stages: substrate binding by the heme 
active site with sulfur as a fifth ligand (1); addition of first electron (5); binding 
of dioxynen (6); addition a second electron and two protons with formation of 
the activated oxygen intermediate (most probably an Compound I analog) (7); 
its reacts with camphor to produce 5-exo-hydroxycamphor 


The first principle breakthrough in mimicking the enzymatic hydroxylation 
reaction was pionireeng work of Groves and his colleagues. The first synthetic 
analog which closely mimicked the chemistry of cytochrome P450 was chloro- 
a,B,7,6-tetraphenylporphinatoiron (III) [Fe(IIT)TPP(CI)]with iodozylbenzene as 
the oxidant to effect the stereospecific epoxidation of oleins and hydroxylation of 
cyclohexane. This compound may be considered as an analog of oxoiron (IV) 
cation radical of protoporphyrin IX. 





Fig. 18.4. Scematic presentation of the Cytochrome P-450cam active site (a) and the 
Breslow model of steroid hydroxylase (Groves J.T., Nature 389, 329-330, 1997). 
Reproduced with permission. 


In model system developed by Breslow and his coworkers (Breslow at al., 
1997), four cyclodextrin groups were attached to a synthetic manganese 
porphyrin (Fig. 18.4). A substrate steroid was captured by hydrophobic central 
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cavities of the doughnet shaphed heptamylose sugars and the five-turnover 
hydroxylation occurred only at carbon 6 of the substrate. 


Ascorbate Oxidase. The enzyme catalyzes the oxidation of ascorbate to 
dihydroascorbate and water by O, and contains three types of copper complexes 
mononuclear Cu? (I) and Cu(II) and binuclear [Cuh (III). The redox 
potential of the primary electron acceptor of Cu’?(I) Eo = 500 mV, which is quite 
sufficient for the one electron oxidation of ascorbate (Eg = 310 mV) but is not 
enough for the one-electron reduction of O, (Eg = -330 mV). The most probable 
mechanism of reaction involves two consecutive one-electron reduction of the 
copper complexes followed by the two-electron reduction of O; in the binuclear 
[Cu*(III)]; complex accompanied by synchronuos proton transfer. 


Methane Monooxigenase .In microorganisms utilizing methane an enzyme, 
methane monooxidase, has been detected, which catalyzes the reaction 


CH, + O DH, — CHOH+ H,O +D 


The electron donor (DH, is NADH). The binuclear structure of the enzyme 
active center and proposed catalytic cycle are presented in Fig. 18.5. 
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Fig. 18.5 Structure of active center of MMO (Rosenzweig A.C. et al. Nature 366, 537- 
543, 1993). Reproduced with permission. 
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The most probable mechanism of the reaction is an oxygen activation with 
formation of the ferryl structure followed by the formation a free methyl radical 
reacting with oxygen atom. 


The model [Fe;OL(OBz)](CIO,); complex was prepared by the interaction of 
a polydentate ligand 2,6-bis[3-[N,N-di(2-pyridylmethyl)amino]propoxy ]benzoic 
acid (LH) with Fe(CIO4); in the presence of NaOBz. (Trukhan et al. 1998). In 
this structure, one bridging carboxylate (in L) is fixed, and the other (in OBz) 
remains mobile, retaining the capability for substitution reactions and occupying 
two labile coordination sites. This complex catalyzes selective oxidation of 
methane to MeOH by H;O;. 


Nitrogenase, The central enzyme of biological nitrogen fixation catalyzes the 
reduction of molecular nitrogen to ammonia by biological (ferredoxin) and non- 
biological (S,O,”) reducing agents with assistance of hydrolysis of ATP: 


3N,+ 6D" + 6H’ — 6 NH; + 6D™! 
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Fig. 18.6. The energy profile of a nitrogenase reaction. Ep is the standard redox potential 
of the reactants, intermediates and products of the reaction; Fd = ferredoxin; FeP = Fe 
protein; FeMo = FeMo protein. The arrow indicates the increase of the reduction potential 
upon ATP hydrolysis (Likhtenshtein G.I. Chemical Physics of Redox Metalloenzyme 
Catalysis, Springer-Verlag, Berlin, 1988). Reproduced with permission. 
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The active form of nitrogenase is formed upon the combined action of two 
components: a protein containing [Fe4S4] cluster (FeP) and iron-molybdenum 
protein (FeMoP) with two [FesSs] centers, so-called P-clusters, and two iron- 
molibdenum cofactors (FeMoCo). 


Since the time of Daniel Rutherford, who discovered molecular nitrogen 
about 200 years ago, this gas has served as an example of an inert substance. 
From the works of Pauling (1962) it follows that the energy of the first bond 
being broken is very high (560 kJ/mol). In 1970 Likhtenshtein and Shilov 
advanced the supposition that the enzyme nitrogenase by-passed the above 
mentioned energy difficulties by way of realizing a reaction mechanism that 
provides the rupture of two bonds in N; with simultaneous compensation due to 
the formation of four new bonds with two transition atoms. This mechanism was 
provisionally termed the four-electron mechanism in which the reduction 
potential per bond involving the formation of hydrazine derivative is much lower 
than in the case of one- or two-electron mechanisms (18.6). 


The better way for realizing such a mechanism is involving polynuclear 
complexes of transition metals. This conclusion was confirmed by studies of 
isolated nitrogenase and model systems (Fig. 18.7). This reaction is proceeded 
by consecutive four long-distance electron transfer along the path FeP > P- 
cluster --> FeMOCo). The decisive step of reduction of N; occurs in polynuclear 
FeMoCo most probably by four-electron mechanism. 
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Fig. 18.7. Structural models of FeMo cofactor (a), the dithionate reduced P-cluster (b), 
and oxidized P-cluster (c) (Rees and Howard, 2000). Reproduced with permission 
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The first break through the problem of involving N; in a chemical reaction in 
relative mild conditions was made in pioneering work of Volpin and Shur 
(1964). These authors demonstrated first reactions of dinitrogen reduction by 
such reducing agents as AI-AIBr;, LiAIH4-AIBr; in aprotic media in the presence 
transition metals (FeCl, MoCl;, CrCh). In the 1970's, on the basis of the 
concept of the multi-electron mechanism of dinitrogen reduction in polynuclear 
transition metal complexes (Likhtenshtein and Shilov, 1970), dinirogen 
reduction of hydrazine and ammonia in protic media (methanol, water) involving 
relative weak reducing agents was discovered (Shilov A.E. with colleagues). The 
first systems discovered were heterogeneous and included metal hydroxides 
Mo(OH)3-Ti(OH)3; or V(OH);-Mg(OH), which can be considered as giant 
clusters of transition metals. As a model of biological dinitrogen fixation, N, was 
reduced by Ti”, Cr’*, or V” in the presence of Mo compounds in aqua and 
alcohol solutions, while CO strongly inhibited redaction. The principal product 
was hydrazine, although N, was reduced to NH; at higher temperatures. The 
more recent advantages in modeling the nitrogenase reaction was the discovering 
complexes of V(II) and catechol in the protic media (Nikonova L.A. and Shilov 
A.E.) in presence of which the following reactions take place: 


vin, I3 N2 E VOD IN, 
VON, + V, + 8H > gV(I) + 2NH; + HO 


Photosynthetic Reaction Centres (RC's). The conversion of solar energu to 
chemical energy with a quantum yield close to unity proceeds by the mechanism 
of photoseparation of charges in the RC’s of photosynthetic bacteria. The 
following scheme of electron transfer in the Rc of photosynthetic bacteria has 
been shown to take place: 


P* — Bph > Bd — Qn o Qs 


where P*, the bacteriochlorophyll dimer (BCI), in the excited singlet state, is the 
primary donor, Bcl is bacteriochlorophyl, Bph is the bacteriopheophytin, and Q4 
and Qg are the primary and secondary quinone acceptors respectively. This 
process leads to the formation of the cation radical P^, which is a strong 
oxidizing agent with Eg = 0.8 eV, and reduced quinone, which is a sufficiently 
strong reducing agent with Ey = 0 eV. 


In the RC of PSI, the primary photochemical steps occurs along the cascade 
of the redox centers, 


P700 — A> A; > F,— F, 
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where P700 is the chlorophyll dimer, Ao is chlorophyll, A; is phylloquinone and 
F, and F, are the Fe,-S, clusters. 


One of the authors of this monograph (Likhtenshtein, 1974) suggested that 
rapid electron transfer in the reaction centers in the forward direction and the 
slow transfer in reverse direction may be accounted for the mechanism of long- 
distance electron transfer. It was assumed that in such systems donor and 
acceptor centres are at an optimum distance from each other and are separated by 
non-conductive medium. As it is seen in Fig. 18.8., this prediction was 
confirmed by X-ray analysis 
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Fig. 18.8. Structure of the cofactors of the RC from Rb. Sphaeroides. Phytyl and 
isoprenoid tails have been omi6tted for clarity. Electron transfer proceeds preferentially 
along the A branch as shown by the arrows with characteristic times as indicated (Rees et 
al., Annu. Rev. Biochem. 38, 607-633. 1989). Reproduced with permission. 


For the purpose of modeling photosynthetic systems a congruent and 
systematic set of well-designed models have been synthesized and their 
photochemical and photophysical properties were characterized (Gust D., 
Wasielewski, M.R., and their coleagues). Effect of the chemical structure of 
donor and acceptor centers, energy of the donor center in excited state and donor, 
distance between the centers and their mutual orientation, nature and length of 
spacer tethered the donor and acceptor, solvent and temperature were 
investigated. For example, a series of Zn porphyrin-quinone dyads and two 
porphyrins-quinone tryads have been synthesized (Sessler J.L)). In the first 
group of complexes the photoinduced charge separation (PCS) occurred on time 
scale of « 1 ps, while in the triad the excitation formed a transition species for 
about 60 ps. In these systems the thermal recombination was found to be very 
fast. 
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18.5. Protein Intramolecular Dynamics and Catalytic Activity of Enzymes. 


The present concept of the intramolecular dynamics of proteins is based on a 
hypothesis put forward in 1950-1960s. First, Lumry and Eyring assumed that the 
interaction of a substrate with enzyme was accompanied by a certain distortion 
of the structure of both the substrate and the enzyme. Later, this concept was 
developed into the theory of “complementarity” of free energy of the chemical 
reaction in the enzyme active center and enzyme conformational free energy. In 
so doing, energy redistribution occurs in such a way that the energy profile of the 
process, as a whole, is eventually flattened. Another basis of the modern concept 
of protein molecular dynamics is the Linderstrom-Lang hypothesis regarding the 
structural fluctuation of the protein macromolecule, which is visible in the ability 
of inner peptide groups to exchange hydrogen atoms for water protons. 
According to the Koshland “induced-fit” theory, the conformational structure of 
the enzyme can be induced to fit the structure of the substrate during their 
interaction. 


At a later stage, the concepts of protein dynamics were supplemented by the 
principle of dynamic adaptation of the enzyme conformational structure to the 
substrate configuration in a consecutive reaction to the enzyme. Such an 
adaptation promotes both the first step of precise orientation and the subsequent 
chemical steps, without allowing cleavage of the contacts needed for the 
chemical mechanism. 


In the 1960s and 1970s, much indirect evidence was obtained in favor of 
protein intramolecular mobility, i.e. the entropy and energy specificity of enzyme 
catalysis, compensation phenomena. The first observations made concerned the 
transglobular conformational transition during substrate-protein interaction, the 
reactivity of functional groups inside the protein globule, and proteolysis. 


From the late 1960s to the early 1970s, more direct approaches to the 
investigation of protein dynamics were intensively developed. Its distinctive 
feature was the application of physical methods, such as NMR, optical 
spectroscopy, fluorescence, differential scanning calorimetry, X-ray and neutron 
scattering, as well as physical labelling. The purposeful application of the 
approaches made it possible to obtain detailed information on the mobility of 
different parts of protein globules and to compare it with both the functional 
characteristics and stability of proteins and with results of the theoretical 
calculation of protein dynamics (M. Karplus). 


The essential contribution when tackling the problem, especially at the early 
stages of a study of protein dynamics, was the development and use of 
biophysical labelling methods. 
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The basic idea underlying the physical labelling approach is the modification 
of the chosen sites of the object in question by specific compounds, which are 
bound covalently (labels) and/or non-covalently (probes), whose properties make 
it possible to trace the state of the surrounding biological matrix by appropriate 
physical methods. The following main types of compounds are used as labels 
and probes to monitor the dynamic parameters of proteins: (1) centers with 
unpaired electrons (stable nitroxide radicals, radical pairs and paramagnetic 
complexes) exhibit electron spin resonance (ESR), (2) luminescent fluorescence 
and phosphorescence chromophores, and (3) Mossbauer atoms (e.g. Fe) which 
gives the nuclear y-resonance (NGR) spectra. 


Data on the intramolecular dynamics of proteins obtained by the physical 
labelling approach combined with other dynamical and complementary methods 
may be briefly summarised as follows. 


At low temperatures and in dry samples, protein macromolecules exhibit only 
high frequency low-amplitude harmonic nuclear vibrations with te = 10° - 10" 
s! and amplitude A = 0.01 - 0.05 A. This type of motion takes place in all 
proteins, at all temperatures and degrees of humidity, and apparently is not 
directly related to their functions and stability 


Non-harmonic low frequency (te= 10’- 10? s-1) and relatively high amplitude 
motions (0.2 A and more) appear at certain critical temperatures, 180 - 210 K, 
and degree of hydration (10- 3096) depending on protein structure. Protein 
conformational flexibility in the nanosecond and subnanosecond time scale was 
revealed in theoretical calculations in experiments on fluorescence quenching of 
the buried tryptophane residues, spin labelling and on protein NMR. 


The comparative analysis of the experimental data obtained by a whole 
arsenal of independent methods revealed a new type of intramolecular mobility 
of protein globules (Likhtenshtein 1976). This type of intermolecular mobility 
consists of the movement of the relatively large and rigid parts of the protein 
macromolecules. Such hinge-like oscillation of the tightly packed polypeptide 
blocks does not give a measurable contribution to the overall heat capacity and 
the helicity degree of polypeptide chains, but it strongly affects the mobility of 
the Móssbauer labels firmly bound to the protein blocks, the mobility of spin and 
fluorescence labels and native chromophores located in cavities between the 
blocks, etc. At a later stage, the mechanism proposed was confirmed by 
independent experimental and theoretical investigations. The considerable body 
of experimental and theoretical evidences indicate that the capacity of a protein 
globule to change conformation as a result of intramolecular dynamics is an 
inherent property of these macromolecules and necessary prerequisite for their 
functional activity, recognition and capacity to be regulated. 


Protein intramolecular dynamics 519 


At physiological ambient conditions, all above mentioned physical methods 
indicate intramolecular hinge-bending (blocks, domain) mobility of protein 
globules and surrounding media in the nanosecond temporal region. As shown, 
these modes of mobility are essential for biochemical processes, such as long- 
distance electron transfer in photosynthesis, substrate hydrolysis by a- 
chymotripsin, heme protein liganding, model photoredox reactions, etc. 


As an example, photosensitive systems are convenient objects for analysing a 
possible correlation between the dynamic and functional properties of proteins. 
After a short light pulse, it is possible to observe a chemical reaction and to trace 
the dynamical state of the matrix with the aid of internal and external physical 
labels. 
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Fig. 18.9. Temperature dependences of the parameters of physical labels on 
chromotophores from R. rubrum: (a) Shematic diagram of the locations of spin and triplet 
labels. (b) Experimental data: 1j; is the characteristic time of electron transfer from the 
reduced primary acceptor to the oxidized primary donor (Likhtenshtein G.L, J. Phochem. 
Photobiol. A: Chem. 96, 79-92, 1996). Reproduced with permission. 
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As it is seen from Fig. 18.9 that the emergence of an electron from the 
primary photosynthetic cell, e.g., transport from the primary acceptor A] to the 
secondary acceptor A», takes place only under conditions where the labels record 
the mobility of the protein moiety in the membrane with t, > 10’ s”. The rate of 
another important process, recombination of the primary product of charge 
separation, i.e., reduced primary acceptor (Ay) and oxidized primary donor 
(D^), falls from 10? to 10? s! when dynamic processes with t, = 10° s! occur. 


Spin and fluorescent labelling experiments on intramolecular dynamics of 
hyperthermostable -glycosidase indicate a higher rigidity of the enzyme protein 
globule as compared with the relevant non-thermostable enzymes, as well as 
clear-cut correlation between conformational mobility and the catalytic activity 
of the enzyme active site at high temperature (90-100? C) 


As was mentioned in Section 18.2, the most important specific feature of 
enzymes is their multi-center nature. It is this feature, which is responsible for 
the main advantages of enzymes, such as the binding and orientation of 
substrates, synchronous elementary acts and the possibility that a multi-step 
process occurs with an optimal rate for each step. However, an analysis of 
concrete reactions shows that these advantages cannot occur in rigid structures. 
Chemical enzymatic processes are accompanied by multi-contact substrate- 
enzyme interactions and by a significant change in size of the reaction complex. 
Some bonds are broken, new ones are formed, and the covalent binding is 
changed to van der Waals contacts and vice versa. It is obvious that the structure 
of the protein matrix must fit the varying shape of the reaction complex in all the 
process steps. Even such a simple process as electron transfer must be completed 
with a structural reorganisation in which electronic-conformational interaction 
takes place. 
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Fig. 18.10. Illustration of the principle of dynamic adaptability: (a) — orientational 
adaptation of the surrounding molecules toward the system of appearing charges; (b) — 
block mechanism of adjustment of the form of active center of changing configuration of 
reaction chemical complex (1 — active center, 2 — substrate, 3 — product). 

This general property of the protein may be defined as dynamic adaptability (Fig. 
18.10). 
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18.6. Energy and entropy parameters of enzymatic processes 


The plots of the rate and equilibrium constants vs. temperature are used in 
experiment (see Chapter 1) to determine the energy (E,) and entropy (AS^) 
activation parameters. (The thermodynamic parameters can also be determined 
by direct calorimetric measurements.) However, applying equations of the 
chemical kinetics to enzymatic reactions, as to any real processes in the 
condensed phase, one should keep in mind that due to the complex (non- 
elementariness) of these processes, the parameters determined from the 
temperature plots of the rate constants of stages of substrate transformation k, 
substrate affinity constants Ks, inhibition constants Kj, and others are effective 
integral parameters, which reflect the whole complicatedness of the process: the 
presence of intermediate microstages (which are not outwardly manifested), 
participation of the protein matrix of the enzyme, rearrangement of solvent 
species, and others). 


The majority of enzyme-catalyzed reactions, unlike similar non-enzymatic 
reactions, have lower effective activation energies. The entropy parameters of 
enzymatic reactions take any various values from —100 to +100 eu, which 
corresponds to an interval of pre-exponential factors of 109. The entropy factor 
is often sensitive to the structure of the substrate and enzyme, to the temperature 
and pH. Many cases of anomalously high and anomalously low E, and AS* 
values were observed compared to those for simple model reactions. A sharp 
break of experimental linear plots of logKs and logK; vs. 1/T are often met, 
which indicates the jumped change in the effective energies and entropies of the 
reactions in a narrow temperature range. 


We know many cases when the change in the activation energy or enthalpy 
of the process with the same enzyme at the variation of the chemical structure of 
the substrate, inhibitor, or activator is accompanied by the parallel change in the 
activation energy and entropy. In this case, the following relationship are 
approximately fulfilled: 


E, = o, + f, AS* (18.1) 


where a, and p, are the empiric coefficients, which are constant for the given 
series. 


The differences in energies reach 60 kJ/mol, which, according to equations 
(18.1) should result in changes in the rate or equilibrium constants by almost 10 
orders of magnitudes. However, these changes are compensated in the Arrhenius 
equation by great (to 200 eu) changes in entropy, and the difference between the 
real constants is much lower. Relationships similar to (18.1) were named 
compensation. Analysis of experimental data showed that the coefficient f in the 
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equation describing the data on the Michaelis and inhibition constants are close 
to the average temperatures of experiments 7,,. The same correlation obeys for 
the data obtained for the same enzyme in different temperature regions. For the 
kinetic parameters corresponding to different substrates, activators, or inhibitors, 
as a rule, B, > Tay. The examples for compensation effects for rotational diffusion 
of the nitroxide spin labels attached to B-glucosidase and catalytic rate constant 
are presented in Fig. 18.11. The similar correlation was also observed for 
electron transfer reactions involving metal mediators. 
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Fig. 18.11. Compensation relationships for the reactions of liganding of hemoglobin and 
myoglobin (1-7 different ligands and various pH. 


The anomalies in the thermodynamic and kinetic parameters of enzymatic 
processes, including compensation effects, can be explained in general features 
from the assumption that chemical elementary steps on enzymes are 
accompanied by the rearrangement of the structure of protein globules and 
surrounding water. Thus, the experimentally measured E, and reflect not only 
properties of chemical reactions but also the cooperative properties of the water- 
protein matrix (G.I. Likhtenshtein, R. Lumri). 


18.7. Enzyme catalysis today and chemistry of the 21st century 


One of the top creations of Nature, biological catalysis, appears as 
challenging problem to chemists of the 21st century. The unique catalytic 
properties of enzyme are its precise specificity, selectivity, ,high rate, and 
capacity to be regulated. Classical and modern physical chemistry, chemical 
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kinetics, organic, inorganic and quantum chemistry provide an arsenal of 
physical methods and establish a basis for investigation of structure and action 
mechanism of enzyme. The general properties of enzymes, the “ideal” chemical 
catalysts, are formation of intermediates, smooth thermodynamic relief along the 
reaction coordinate, fulfillment of all chemical selection rules, the ability to 
proceed and to stop in proper time and proper space, and compatibility with the 
ambient media. These properties are made possible by multifunctional active 
centers, by the unique structure of protein globules, possessing both rigidity and 
flexibility, and the formation of catalytic ensembles. 


Outstanding catalytic and regulator properties of enzymes which catalyze 
various chemical reactions with high rates, specificity and selectivity in mild 
conditions (ambient temperature, normal pressure, neutral aqua media) have long 
been a matter of interest to chemists. A greater knowledge of principles of 
structure and mechanism of enzymes and realization of these principles in 
chemistry would signify a new decisive step in the development of a theory of 
kinetics and catalysis and its application in industry (Shilov, 1997; Groves, 1997; 
Holm et al., 1996; Diekmann et.al. 2002). On the another hand, chemical model 
studies can be used to elucidate enzyme mechanism, along with designs of 
haptens, catalytic antibodies, inhibitors and medicines (R.B. Silverman). 


The terms “mimicking enzymatic processes" or “chemical models of 
enzymes" have no monosemantic and exact definition. In some cases mimicking 
involves proceeding a fast and specific chemical reaction catalyzed by an 
enzyme in mild conditions. In other cases, attempts to construct chemical 
structures similar to a enzyme active site and to imitate different steps of an 
enzymatic process are made. Depending on knowledge about the detail structure 
and action mechanism of a target enzyme, starting positions of chemist are 
also divers. 


At present, the following general steps of mimicking enzymatic processes 
may be formulated. 


1, Previous detail analysis of existing data on structure and action mechanism 
of an enzyme, which together with experience and chemical intuition of the 
investigator would allow to compose a realistic working program providing 
optimal conditions for each stage of the enzymatic processes. 


2. Choice of basic (primary) catalytic groups directly involved in the catalytic 
process. These groups may be nucleophilic and electrophilic reagents, general 
acids and bases, complexes of transition metals of given valence, etc. It is 
necessary to emphasize that the chemical reactivity of these reagents, as well as 
the activity of correspondent catalytical groups in the active sites of enzymes, 
have to be optimum to provide smooth thermodynamic relief in all steps of the 
process. 
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3. Selection of secondary groups which can regulate the reactivity of the 
attacking groups. For instance, adjacent basic imidazol or carboxylate can 
strengthen nuclephilic properties of a hydroxyl or acid groups can assist to 
reactions of electrophillic reagants. For helping along redox processes with 
participation of transition metals, adjacent acid and basic charged groups can be 
useful. At multi-electron processes, presence of transition metal clusters in the 
vicinity of primary metal atoms plays a key role. 


4. Optimum disposition of primary and secondary catalytic groups within a 
single super molecule or on a polymer or membrane template for its sterical 
adjusting to attack to a substrate. 


5. Including in the catalytic system additional residues which can form 
portions capable to bound and to precisely orient substrate molecule. 


6. A matrix, carrying the model catalysis active site, should provide 
unimpeded entrance reagents and exit of products, and free room for conversion 
of each intermediates (the dynamic adaptation). In other words, the matrix 
should exhibit optimum molecular dynamics similar to intramolecular dynamics 
of proteins. 


7. Each stage of the catalytic process should obey to "principle of optimum 
motion" (Section 14.11). Eventually, constrained pretransition state complex that 
activates cleavage or formation of chemical bonds, have to be formed. 
Realization of this last requirement is the most challenging and difficult problem 
of mimicking enzymes processes. 


Mimicking an enzymatic processes it is not need to copy structure of protein 
and coenzyme groups and all stages of this process. In the course of evolution , 
the Nature created enzymes in specific conditions in certain media and utilized 
certain “building materials". Besides chemical functions, enzymes bear many 
other obligations serving as units of complicated enzymatic and membrane 
ensembles. These conditions not always were the most favorable for catalytic 
properties and stability the enzymes. 


Biochemistry returns to chemistry a plenty of knowledge about nearly “ideal” 
catalysts, the enzymes as catalysts close to the enzymes and opens the way for 
chemical modeling of enzyme reactions. Mimicking of enzyme processes is one 
of the perspective trends in chemistry of 21“ century. This area does only first 
steps, nevertheless demonstrate advantages as in elucidation of mechanism of 
specific enzymes enzyme but in realization of effective catalytic processes as, N> 
reduction in mild conditions, oxidation carbohydrates, conversion light energy to 
chemical energy, 
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